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Neutron-powder-diffraction measurements, combined with magnetization and resistivity data, have been
carried out in the doped perovskite L3CaMnO; (x=0.47, 0.50, and 0.33to elucidate the structural,
magnetic, and electronic properties of the system around the composition corresponding to an equal number of
Mn®* and Mrf*. At room temperature all three samples are paramagnetic and single phase, with crystallo-
graphic symmetryPnma The samples then all become ferromagnékdl) at To~265K. At ~230 K,
however, a second distinct crystallographic ph@asnoted A-1) begins to form. Initially the intrinsic widths
of the peaks are quite large, but they narrow as the temperature decreases and the phase fraction increases,
indicating microscopic coexistence. The A-ll phase has the same space-group symmetry and similar lattice
parameters as the initigF-1) phase. Both phases begin to exhibit weak Jahn-Teller distortions of thgg MnO
octahedra below~230 K, but the distortions are different in the two phases and vary in character with
temperature, and can be interpreted in terms of ordering odimrbitals. The fraction of the sample that
exhibits the A-1l phase increases with decreasing temperature and also increases with increasing Ca doping, but
the transition never goes to completion to the lowest temperatures megsui€d and the two phases
therefore coexist in this temperature-composition regime. Phase A-ll orders antiferromagnéA&ally
below a Nel temperatureTy~160K, with the CE-type magnetic structure. For the 0.47 sample the
proportion of F-l at 10 K is about 60%, which has afforded us the opportunity to fully characterize the
crystallographic and magnetic behavior of both phases over the entire temperature range. The F-l phase
maintains the ferromagnetic state for all temperatures b&lgwwith the moment direction remaining along
the ¢ axis. Resistivity measurements show that this phase is a conductor, while the CE phase is insulating.
Application of magnetic fields upot9 T progressively inhibits the formation of the A-1l phase, but this
suppression is path dependent, being much stronger, for example, if the sample is field-cooled compared to
zero-field cooling and then applying the field. THeT phase diagram obtained from the diffraction measure-
ments is in good agreement with the results of magnetization and resistivity. Overall the measurements under-
score the delicate energetic balance between the magnetic, structural, and electronic properties of the system.

INTRODUCTION tion. The x=0.5 system straddles the boundary separating
these two ground states and has consequently been the focal
The mixed-valent manganites L.nB,MnO; (Ln=rare  point for investigations using a variety of experimental tech-
earth,B=Ca, Sr, or Baexhibit rich and interesting physical niques, including x-ray and neutron powder diffraction tech-
properties because of the strong interplay between lattice disiques. Radaelli and  co-workéfs found that
tortions, transport properties, and magnetic ordetifigilhe  La;,Ca,,MNnO; is a paramagnetic insulator at high tempera-
ground state of the La,CaMnOj; system of particular in- tures, becoming ferromagnetic a225 K and then antifer-
terest here is either a ferromagnetieM) metal or an anti- romagnetic at~155 K. The unusual broadening of the dif-
ferromagnetic(AFM) insulator depending on the composi- fraction peaks between these temperatures was attributed by
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FIG. 1. Phase diagram of La,CaMnQO; in the range of com-
positions 0.4%x=<0.53. The horizontal curves separate, going
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from top to bottomyi) the ferromagneti¢FM) transition of the F-I or =‘§ =g ] ~ } T
crystallographic phase at260 K; (i) the formation of the low- ) S {5

temperature A-Il phase, which appears-a230 K; and (iii) the 10001 7‘( = = j\ |
antiferromagneti¢AFM) transition, which occurs in the A-ll struc-

ture at~160 K (Ty). As shown in the diagram, the ferromagneti-

cally ordered F-I phase and the antiferromagnetically ordered A-ll @ 10K

phase coexist at low temperatures. 1000 .
the authors to a distribution of lattice parameters in their -l A A A /\Jk.
sample, and they were in fact able to fit the high-resolution OF v e
synchrotron x-ray patterns assuming the existence of four , e , T e
similar phases with slightly different lattice constants. The 15 20 25 30 35 40
temperature dependence of the lattice parameters shows &.. 26 ()

|tncreaset of trc];a andc ax;as anzdzg fh?rspod; C_Ir_i".isﬁ)(ﬁs the FIG. 2. Neutron-powder-diffraction pattern of tke-0.47 com-
emperature decreases from 0 - [NiS behavior Wabc‘osition in the angular range between 15° and 40° at various tem-

mte_rpreted as an |nd_|cat|on of orbital ordering, with tliﬁe peratures, employing the C3L1) monochromator. Ir(@ only the
orbital of Mm** lying in the a-c plane of the structure. The pyclear peaks of the F-l phase are presént.The ferromagnetic
magnetic ordering below 155 K was found to be of the CEyeflections associated with the F-I phase are indexed in the differ-
type, implying also the presence of charge ordering accordence plot, obtained by subtracting from the observed intensities the
ing to the structure proposed by GoodenoddHectron mi-  calculated structural profile. Note that at 175 K only the magnetic
croscopy studies by Mori, Chen, and Chethghowed that  and nuclear peaks of F-I are clearly visible, since the fraction of the
between 135 and 95 K, LaCa;,MnO5 is a mixture of mi-  A-ll phase is small and the peaks are broad at this temperdtire.
crodomains of(i) an AF, charge-ordered, incommensurateAt 10 K both the ferromagnetic peaks of the F-I phase and the
phase; andii) a FM, charge-disordered phase. The sizes ofntiferromagnetic peaks of the A-Il phase contribute to the diffrac-
the microdomains are a function of temperature, being abouion pattern, and these peaks are clearly visible in the difference
100-200 A at 200 K and 500—600 A at 125 K. Below 95 K, plot. Note that the ferromagnetic peaks at 10 K appear at the same
this mixture Changes into a homogeneous AF Commensura@gular positions as those observed at 17Edb(Comp|ete fit of the
phase with charge and orbital ordering. The existence Olflle.utron pattern, taking into accolunt all nuclear and magnetic inten-
ferro- and antiferromagnetic domains associated with metafities. The small peak até2=20° is the second order of the stron-
lic and charge-ordered insulating phases, respectively, we€st nuclear reflection.

also found by Allodiet al’! in an NMR study of thex

=0.5 composition. Such domains were found to coexist at

all temperatures below the magnetic transition, althougtihree compositions over a wider composition range near and
their relative proportions were found to vary with tempera-includingx=0.5.

ture.
In all of these studies it was recognized that the FM and
AFM modifications coexist in varying proportions at low EXPERIMENTAL PROCEDURES

temperatures, but it did not prove feasible to fully character-

ize the electronic, magnetic, and structural behavior of these Three polycrystalline samples of La,CaMnO; with x
phases. In order to clarify these aspects of the=0.47, 0.50, and 0.53 were prepared from stoichiometric
La; ,CaMnO; system, we have carried out neutron powderamounts of LaOz, CaCQ, and MnCQ by a standard solid-
diffraction, resistivity, and magnetization experiments forstate reaction techniqié.The Ca and Mfi" concentrations
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FIG. 3. Observedcrossesand calculatedsolid curve neutron profiles for the=0.50 composition at 10 K, for the data taken with the
Ge(311) monochromator. Both the F-I phase with ferromagnetic order and the A-ll phase with antiferroma@tetigpe order are
necessary to adequately account for the observed intensities in the refinement. The short vertical lines ntaangtes 2f the Bragg
reflections for F-I(middle), A-1l (bottom), and the CE-type orderingop). The difference plot, at the bottom of figure, is obtained by
subtracting from the observed intensities the calculated profile. The inset shows a plo{@31h€211), and(112) reflections at a series
of temperatures. Below-230 K the (031) of the A-ll phase begins to separate, and sharpens and shifts towards higher angles as the
temperature decreases.

were checked with wavelength-dispersive x-ray absorption RESULTS
(WDX) and titration experiments, which gave the nomixal
values within =0.01. Magnetization measurements were
made with a commercial superconducting quantum- The three samples all undergo the same sequence of struc-
interference devicéSQUID) magnetometer, and the resistiv- tural and magnetic transitions as a function of temperature,
ity was measured by a standard four-probe technique. and the overall phase diagram determined in the present
The neutron-powder-diffraction intensity data were col-study is presented in Fig. 1. At room temperature we find
lected using the BT-1 high-resolution powder diffractometerthat all three samples are paramagnetic and exhibit ortho-
located at the NIST Center for Neutron Research(3c¢t)  rhombic structure wittPnmasymmetry. The lattice param-
and G&311) monochromators were employed to produce€ters are related to those of the basic perovskite unit cell as
monochromatic neutron beams of wavelengths 1.5401 anitdicated in Fig. 1. Typical refinement results based on in-
2.0784 A, respectively. The longer wavelength of 2.0784 Atensity data collected with both the G11) and G¢311)
produced by G@11) was used to obtain a higher neutron monochromators are giveéfor x=0.47) in Tables | and Il at
intensity and to achieve better resolution in the logvah- 295 and 10 K. The statistical uncertainties quoted represent
gular range, which is particularly useful for investigating theone standard deviation.
magnetic structure and other temperature-dependent proper- A portion of the diffraction pattern for the=0.47 sample
ties. Collimators with horizontal divergences of’1®20, is shown in Fig. 2 in the 2region between 15° and 40°. The
and 7 were used before and after the monochromator andop part is for a temperature of 295 K, where we find that the
after the sample, respectively. The intensities were measureshmple is single phase with Bragg peaks that are resolution-
in steps of 0.05° in the @range 3°-168°. Data were col- limited, as is the case for all three compositions. No impurity
lected at various temperatures in the range 10-300 K to dgphases of any kind were detectable, attesting to the high
termine the nuclear and magnetic structures and to detect anality of the samples. Upon cooling to 175 K we find that a
elucidate possible magnetic and structural transitions. Thé&erromagnetic ordering has developed, and we will refer to
nuclear and magnetic parameters were refined by using thtee magnetic/structural phase in which the ferromagnetism
GsAs program*® The neutron-scattering amplitudes used inoccurs as the F-I phase in the following discussion. Structur-
the refinements were 0.827, 0.496,0.373, and 0.581 ally this is the phase observed at room temperature. Since the
(%10 *2¢m) for La, Ca, Mn, and O, respectivelyModels  magnetic and nuclear unit cells are the same for ferromag-
used in the initial stages of the refinements were those renetic ordering and the magnetic peaks are then superposed
ported in Ref. 8. Field-dependent measurements were madm the nuclear peaks, the F-I ferromagnetic peaks are best
in a 9-T vertical-field superconducting magnet and usingevealed in the difference plot of Fig(l8, obtained by sub-
only the G€311) as monochromator. tracting from the observed intensities the profile calculated

Crystal and magnetic structures
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without the FM contributiot’ The magnetic moment is 0.65 pr——r Ty g

along thec axis, and we find no evidence of any kind of spin = 0.60F | ——50-Cooling (a)_f

canting over the full temperature and composition range = 0555_ o 50-Warming % 3

where ferromagnetism occurs. g "TTF | T*—47-Cooling % E
0.50F & 47-Warming

Figure Zc) shows the data obtained for this sample at 10

. e —%¥— 53-Cooling
K. The solid curve represents the contribution of the crystal

045F | v 53-warming
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structure, and the difference plot locates the magnetic reflec- 0.40F
tions. We see that now we have two types of magnetic re- 0.85 3
flections, the ferromagnetic ones observed as in Fi), 2 E
and a new set of antiferromagnetic peaks that belong to a~  0-30F
distinct crystallographic phase. This new crystallographic - S
phase begins to develop at230 K as discussed in detail < WO T
below, while the antiferromagnetic order develops-t60 [ x=0.53 (b) 1
K. We refer to this new phase as A-Il. The fraction of F-I to 120 ?.\'—a\ﬂ'\:*q .
A-ll phases is temperature dependent, but the transformation 100 [ o ]

from F-1 to A-1l is never complete down to a temperature of
5 K. The two phases therefore coexist, as is clearly evident in
Fig. 2(d), where we find that a good fit of the data is obtained
by taking into account both the FM and AFM contributions.
An example of a full diffraction pattern and the agreement
between the observed and calculated intensities is shown in
Fig. 3, which is for thex=0.50 composition at 10 K. This
sample becomes ferromagnetic below 265 K~A30 K the
A-ll structural phase begins to form, and the development of
this new structural phase is shown more clearly in the inset.
At room temperature a single peak is observed, which is a
combination of the unresolved031), (211, and (112
nuclear structure peaks for the F-I phase. For both the F-I
and A-Il phases there is no magnetic contribution in this
angular region, so this scattering provides a good indication
of the development and relative fraction of the two phases.
The inset shows that at 250 K, there is little if any A-ll
phase, but at 200 K there is clearly a second peak, which
progressively develops and separates with further decrease of £ 20 -
temperature. This high-angle peak is {081) Bragg reflec- -
tion for the A-ll phase, while th€211) and (112 peaks for ol N
the A-Il phase are contained in the lower-angle peak, along 0 50 100 150 200 250 300
with all three peaks for the F-I phase. A careful inspection of T (K
the data at 175 K in Fig.(®) also reveals additional struc-

tural scattering, which is evident for example on the high- FIG. 4. (8 Full width at half maximum(FWHM) of the
angle side of the peak at38°. (031)a.; nuclear reflection as function of the temperatitg.Inte-

In the temperature interval between 230 and 160 K th rated intensity of (031), reflection showing that the A-II contri-
-pution to the diffraction intensities increases as the Ca content in-

neutron-difiraction peaks are considerably broadened, Icreases(c) Phase fraction of the A-ll phase as a function of the

agreement with the results of Radaelli and co-workers me emperature and composition. The curve for0.50 at 5 T shows

tioned previously. Figure(d) shows the widtHFWHM) of ¢ the application of a magnetic field inhibits the formation of the
the nuclear reflection (031), and Fig. 4b) its integrated  a.j| phase(see text In this figure the full symbols indicate results
intensity as a function of temperature in the interval betweermbtained on cooling and the open symbols results obtained on
10 and 200 K; above 200 K these quantities could not b&varming, while the solid curves are a guide.

reliably determined because of overlapping of (681 and

the (211)-(113) reflections. We see that the A-ll phase devel-maximum values of 42%, 78%, and 90% for0.47, 0.50,

ops in three stages upon cooling. From 230800 K, the  and 0.53, respectively, while the width remains essentially

proportion of the A-ll phase increases from zero to 14%,constant.

40%, and 70% forx=0.47, 0.50, and 0.53, respectively.  The development of the A-Il phase as observed in the

From 200 to 160 K the FWHM decreases from about 0.55%eutron data corresponds nicely to the behavior found in

(which is about three times the instrumental resolytilm  resistivity and bulk magnetization measurements, as shown
0.32°, indicating that the domain size increases fred80 in Fig. 5. The low-temperaturé¢l—25-K) specific heat of

to ~360 A, while the relative proportion of the A-Il phase these samples has been measured and reported elséwhere.
increases only slightly for all three samples. From 160 to 100" he resistivity is much lower for the=0.47 sample than for

K the proportion of the A-Il phase increases again to thethe higher doping levels, clearly indicating that the ferromag-

8o}

60f
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100 T T
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0.04

0.031

0.021 FIG. 5. Temperature dependence of the resis-

tivity and bulk magnetization on the identical
samples used to collect the neutron data. The re-
sistivity is low forx=0.47 where the sample con-
sists mostly of the ferromagnetic phase and in-
creases dramatically witlk=0.50 and 0.53,
where the fraction of the sample in the ferromag-
netic phase is much less, as indicated from the
magnetization. This demonstrates that the ferro-
magnetic phase is metallic while the antiferro-
magnetic phase is insulating, and the mixture can
be understood on the basis of percolative conduc-
tivity. The curve forx=0.5 at 5 T isincluded to
permit comparison with the neutron-diffraction
results.
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3.5
netic phase is metallic while the antiferromagnetic phase ex- :m 3.0F
hibits insulating behavior. There is also a direct correspon- -, 55
dence between the fraction of the ferromagnetic phase and §
the bulk magnetization values obtained at low temperature. It § 2.0f
is evident from the drop in the magnetization at lower tem- E 15
peratures, however, that the F-I phase is transforming into -% :
the A-ll phase as the temperature is decreased. This transfor- g, £
mation is clearly discontinuous, as indicated by the thermal & °'5;
hysteresis in the resistivity, magnetization, and phase frac- 0 B b

tion for the three samples. 3.0
The structure refinements for the F-lI show that the mag- :
netic moments are aligned along thaxis of the unit cell for
all three compositions. This ordering and this orientation re-
main the same down to 5 K. This result is particularly evi-
dent in the case of the sample witl+0.47, where, at low
temperatures, the proportion of F-I and A-ll phases is about
the samgsee Figs. &) and 4c)]. The temperature depen-
dence of the ordered magnetic moments obtained from the
refinements are shown in Fig. 6 for all three samples, where !
we find that the behavior is rather typical for magnetic order 0L
parameters, with ferromagnetic Curie points of 260, 265, and

2.5F
2.0F
1.5}

1.0f

Magnetic moment ( |, )

0.5F

240 K for x=0.47, 0.50, and 0.53, respectively, while the  —~, 2-5[
antiferromagnetic Nel temperature is 160 K. 2 2ol

The antiferromagnetic structure in the A-ll phase is of the & F
CE type, with a unit cellsee Fig. 1 four times larger than E 15f
that of the nuclear structure. The symmetry and the initial & :
orientation of the moments for the refinements of this struc- £ 1-OF
ture were taken from the data reported in Table V of Ref. 8. “é 0.5E
In this configuration the Mi and Mrf* cations are ordered < “F

and are located on two crystallographically independent sites ok
) . ; ; 0 50 100
and, as also noted in Ref. 8, the magnetic reflections associ-
: " . 4
?r:ed kel thet '\(Ajﬁb Ctitlor@ areblc?tr]Slde_ltfﬁblybb:]oa(jer rt]han FIG. 6. Zero-field magnetic moments in the F-I and A-Il struc-
0s€ gen(_ara_e y e. N subla Icej IS be _aV|or 8S tures as a function of the temperature farx=0.47,(b) 0.50, and
been convincingly explainédoy assuming the existence of (c) 0.53. The MA* and Mr* moments in the A-ll phase are

twinning generated by an operation that leaves the‘HM” roughly the same fox=0.47 and 0.50, while fox=0.53, the mo-
magnetic sublattice unperturbed while it decreases the size @fant associated with M is lower than that of Mfi* at all tem-

the 'V_'”% magnetig domains. As shown in Table I, the ori- peratures below 150 K. In this figure the full symbols indicate re-
entation of the MA" magnetic moments is tilted towards the sults obtained on cooling and the open symbols results obtained on
a axis direction, consistent with the influence of bﬂ%} or-  warming, while the solid curves are a guide.

150 200 250 300
T (K)
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TABLE I. Structural parameters of ka{a 4, MnO; at 295 and 5.445 1T
10 K. Space groupnma Atomic position: La/Ca: é(x,%,z); Mn: 5 4405_ &’ o _
4b(0,03), O(1): 4c(x,%,2); and A2): 8d(x y 2). The temperature ' A-1
parameters were constrained to be equal for HTP and LTP at 10 K. ~ 5.435F E
F-1 (295K F-1(10K) A-ll (10 K) %5'4305
a(h) 5.42742) 5.42294)  5.442@3) 54250
b (A) 7.65493)  7.65544)  7.52143) 5.420f
cA) 5.438%3) 5.43085) 5.472Q1) E
[{ SIS BTN S BT A N BT A A A AU A A A
V (A3 225.952)  225.461)  223.971) 5.415
Fraction (%) 100 60 40 e e % oy T 7.6
La/Ca x 0.019%3) 0.022G4) 0.018§8) = ]7.65 ;
z —0.004@6) —0.00429) —0.00356) < . ok 17,64
By, (A2 0.798) 0.207) 0.207) S : 57 63 S
B, (A? 0.967) 0.577) 0.577) - : 17
Bas (A?) 0.879) 0.888) 0.898) = 7.55f {7.62
Mn B (A? 0.452) 0.323) 0.323)
M (us) 3.233)
M, (Mn**) (ug) 2.21) 8 48prr T
M (M%) (ug) 132 5.47k E
M (MNn**) (ug) 2.476) s 46; ]
o(1) «x 0.49055)  0.49186)  0.06516) = F ]
z 0.06044)  0.06326)  0.06516) — 5.45p E
By, (A?) 1.029) 0.498) 0.488) © 5 F
B,, (A? 0.967) 0.21(7) 0.21(7) : ;
Bas (A?) 0.7998) 0.639) 0.639) 5.43¢ Y
02 x 0.27743)  0.27674)  0.27416) 5.42L sl
y 0.03142) 0.03143)  0.03443) 226 S T T
z —0.27574) —0.27516) —0.27117) 226.0¢ vv v E
By, (A? 0.796) 0.16(6) 0.166) ;
B, (A? 1.174) 0.126) 1.126) o : A
Bas (A?) 1.217) 1.359) 1.359) > 224.5F o 3
Ry (%) 3.80 4.40 224.0F i ° 3
r Lorz 1 263 :
! ' ' N [T T BT T T e
T(K)
bitals to align the moment along tti201] direction (as dis- FIG. 7. Temperature dependence of the lattice parameters for
cussed beloyy while that of the MA* moments is parallel to  the F-I and A-Il structure of the=0.50 composition. The increase
the direction of thec axis. of a andc and the decrease bfwith decreasing temperature indi-

Since the MA' cations have four unpaired electrons andcate orbital ordering ira-c plane of the A-ll phasésee text The
the Mrf* have only three, we should expect a larger mag-Jull symbols indicate results obtained on cooling and the open sym-
netic moment for MA" than for Mrf". As shown in Fig. 6, Dbols results obtained on warming, while the solid curves are a
however, this is not what we observe. Bor0.47 and 0.5 9uide.
the magnitude of the M and Mrf* magnetic moments is
practically the same at all temperatures, while ¥6r0.53  phases decrease as the Ca-doping increases, which is consis-
the M** moment becomes smaller than that of Mrs the  tent with the theoretical predictions of Goodenodgh.
temperature decreases. These results may be explained as
due to the smaller size of the Mhdomains. Fits of the 110
magnetic reflection, generated by the Mrsublattice, show Crystal structure distortions
that its FWHM increases as the Ca doping increases, while
the size of the Mfi* domains remains practically unaltered.
The M domains therefore decrease in sizexascreases, Plots of the lattice parameters and Mn-O distances as
with a consequent increase in the relative fraction of surfacéunctions of the temperature are shown in Figs. 7 and 8,
spins and, presumably, also an increase in the spin disordegspectively, for thex=0.50 composition; data for thz
in these domains, thus lowering the apparenfMmagnetic ~ =0.47 and 0.53 samples show similar behavior and for clar-
moment. The magnetic moments in both the F-1 and A-llity have been omitted from the figure. As the temperature

A-ll phase
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L take place at a temperature near theNemperature. In this

FIG. 8. Variation of Mn-O distances as a function of the tem-new configuration tha‘ﬁ orbitals are alternately oriented
pgratu_re in the F-l and A-_II phases. The presence of the Jahn-_'l’elleémng both[101] and[lOT] directions, thus causing a Jahn-
dlstor_tlon bel_ow~200 K in both structures |nd|cat_es that orbital Teller distortion of the kind indicated in Fig(19).
ordering begins to occur at the same temperature in both phases. In
the temperature range between 200 and 150 K the behavior of the
Mn-O distances indicates that a rearrangement ofdherbital F-I phase

Fakgs place in both _the F-I and A-II structures. The full symbols For the F-I ferromagnetic phase, Fig. 7 shows thatahe
indicate results obtained on cooling and the open symbols results

obtained on warming, while the solid curves are a guide. a”‘?' b axes increase Slight_ly as th(? temperature decrga;es,
while thec parameter remains practically constant. Resistiv-
ity measurements on the=0.47 sample, which contains
about 50% of F-I phase down to 10 K, show that this phase
is a conductor also at low temperatures, as would be ex-
pected on the basis of a percolation model. The Mn-O dis-

dering takes place in tha-c plane of the structure. The be-
: X . tances at room temperatuf€able Il) do not show the pres-
havior of the Jahn-Teller distortion of the Mg@Octahedra as
ence of a coherent Jahn-Teller effect. As the temperature

a function of the temperature is more complex. As shown in ) : .
Fig. 9@ [and in Fig. §, at 170 K(i.e., before the appearance decreases below 150 K, however, a distortion of the apical

of antiferromagnetic order and in the temperature range ifOmpPression type appears and, at 10 K, with Jahn-Teller

of — -2 ; i ;
which the diffraction peaks are broadepetthe MnQ; octa- parameter oyr=1.4x10"% This behavior may be associ-

. _ — ated with a partial orbital ordering taking place in this phase,
hedra in the A-Il phase are stretched in {i®1] direction

el ) as shown in Figs. @) and 9d).

and compressed alof@10] and[101], indicating that thel; The lattice parameters and ordered moments for both the
orbitals are all more or less oriented aldri@1]. According  F-lI and A-ll phases are plotted in Fig. 10 as a function of
to Goodenough’'s model of the magnetic coupling in thiscomposition. At 300 K, the lattice parameters and unit cell
class of materials, this orbital configuration would result in avolume of the F-I phase decrease as the valueintreases
C-type magnetic structure below the éléemperature. Since from 0.47 to 0.53. This result is expected since the propor-
this magnetic and orbital ordering would generate a configutions of C&" and Mrf™ (whose ionic radii are smaller than
ration with high elastic energy,a reorientation of thed>  those of L&" and Mr?*, respectively increase as in-
orbitals, consistent with the CE-type structure, is expected tareases. The behavior of the lattice parameters at 10 K, how-

decreases from-200 K to 150 K, thea and c parameters
increase and thb parameter decreases. This result, first re
ported by Radaelli and co-worketsndicates that orbital or-
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TABLE Il. Selected interatomic distancéd) and anglegdeg, for La,_,CaMnO; (x=0.47, 0.50, and
0.53 at 295 K(first line) and at 10 K(second ling

x=0.47 x=0.50 x=0.53

F-l Al F-l Al F-l Al
Mn-O(1) X2 1.94244) 1.93956) 1.93286)

1.94485) 1.91527) 1.9612)  1.91456) 1.9681)  1.91187)
Mn-0(2) X2 1.9412) 1.9235) 1.9494)

1.9384)  1.9444)  1.972) 1.9633)  1.9523)  1.9456)
Mn-0O(2) X2  1.9532) 1.9635) 1.9384)

1.9503)  1.9654)  1.91(2) 1.9453)  1.9053)  1.9546)
O(1)-Mn-0(2) 89.548) 90.02) 89.12)

90.0(1) 89.32) 92.55) 90.52) 93.75) 89.92)
O(1)-Mn-0(2) 89.749) 89.72) 90.42)

89.61) 88.91) 85.44) 89.72) 83.75) 89.42)
O(1)-Mn-0(2) 90.448) 90.02) 90.92)

90.41) 90.82) 94.64) 89.52) 86.35) 90.22)
O(1)-Mn-0(2) 90.269) 90.32) 89.64)

90.01) 91.1(1) 87.505) 90.32) 96.35) 90.62)
0(2)-Mn-0(2) 91.032) 91.043) 90.963)

91.002)  91.362)  90.31) 91.202)  90.12) 91.104)
0(2)-Mn-0(2) 88.972) 88.943) 89.043)

80.002)  88.642)  89.71) 88.802)  89.92) 88.904)

ever, is more complex, sindeincreases anddecreases with experiment the applied field is always perpendicular to the
increasingx, while a and the unit-cell volume/ show a horizontal plane; hence at a given field there is a different
maximum atx=0.5. We may speculate that these results areand unknown distribution of angles that the field makes with
associated with the partial orbital ordering invoked previ-the spins for each reflection. With the complications of two
ously to explain the Jahn-Teller effect observed in the F-Imagnetic phases and a limited number of magnetic peaks, it

phase at low temperature. is not possible to obtain reliable values of the moments.
Hence these variations in the refined moments must simply
Magnetic field dependence be regarded as trends.

) o . When a magnetic field of 8.5 T is applied during cooling
The properties of CMR systems are extraordinarily sensiz.o . room temperature to 5 K, the formation of the A-ll

tive to the application_of magne_tic fields, and the presenp <o is strongly inhibited and the value f is dramati-
samples are no exception, affecting both the crystallographi ally reduced compared to the zero-field-cooled state. In par-

and magnetic phases. The discontinuous nature of the Sm.Jﬁ'cular after turning off the field, thec component of the

tural transformation between the F-I1 and A-ll phases mani-

3+ . .
fests itself in a dramatic difference in the state obtained de'-vIn moment is 1.fg (column 5 of Table 11}, while for

pending on whether the sample is cooled in a field, or cooledata collected in a.ﬂeld of 8.5 &r 5'_0/TX completely C{"Sap'
in zero field, and then the field applied. The refinement reP€ars. The magnitude gi(Mn®") is only slightly higher
sults obtained on the LaCa,,MnO; sample are given in than_about 1.ﬂB_ in all the experiments, in which the field is
Table 11l for a series of field and temperature paths. In no@Pplied on cooling.
case did we detect any tendency for the particles themselves Although the magnetic field applied during cooling
to rotate in the applied field and produce a preferred orienstrongly favors the retention of the F-I phase, which consti-
tation of the powder. Hence we were able to refine theutes about 75% of the samplimstead of about 25% when
nuclear structures for the F-1 and A-Il phases and obtain theo field is appliedl this phase is clearly in a metastable state,
phase fractions. Figure 11 shows the temperature depeand in fact heating the sample from 5 to 25 K under no
dence of the lattice parameters obtained in a field of 5 Tapplied field(column 6 of Table 1) quickly reestablishes the
where we see that the overall behavior is quite similar to theero-field-cooled state. On the other hand, the magnetic mo-
behavior in zero fieldFig. 7). ment of the MA' cations is only slightly affected by the
The application of a 8.5-T field after cooling in zero field sample treatment, and that of the F-I phase is generally
(column 2 of Table Il} slightly decreases the proportion of higher than 3.2z when a field is applied during the data
the A-ll phase(from 76% to 68% of the sampleWe also collection at 5 K. The overall behavior of the system in an
find that the refined value of thecomponent of the Mt applied field does not exhibit any unusual or unexpected fea-
moment increases from Qu3 to 1.3ug, with a correspond- tures, but it does emphasize that magnetic, structural, and
ing decrease of th& component(from 2.3ug to 1.6ug). electronic properties are in a delicate balance that can be
However, it should be noted that in the geometry of thedramatically shifted with only small external perturbations.
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FIG. 10. Zero-field variation of lattice parameters, unit-cell vol- g 11 Temperature dependence of the lattice parameters of
ume, and magnetic moments of the F-1 and A-ll phases at 300 anghe F_| and A-II phases of the=0.50 composition, measured on

10 K, as a function of the composition. In this figure the full sym- cooling (solid symbol$ and warmingopen symbols in a magnetic
bols and the open symbols are just used for clarity of presentationig|q of H=5 T.

DISCUSSION . . .
grains would be ferromagnetic if the two phases existed mac-

The overall behavior of LgCa,;,MnO3 is summarized in  roscopically, due to extrinsic defects or inhomogeneities.
the phase diagram of Fig. 1. At room temperature we have @he data presented here indicate that the two phases do in-
single crystallographic phase, which orders ferromagnetideed coexist microscopically, and they transform discontinu-
cally at 265 K. A second crystallographic phase begins tausly from one to another as a function of temperature or
form below ~230 K and the structures of these two phasesmagnetic field.
are quite similar, but the Mn-O octahedron distorts differ- The coexistence of twgor more phases has been ob-
ently in the two and the lattice parameters are distinctly dif-served by a number of other groups. Xieioal X found as a
ferent. The intrinsic widths of the Bragg peaks in this tem-function of applied field a series of distinadiscontinuous
perature regime argue that these distorted phases develphases with dramatically different conductivities, in a single-
microscopically. Indeed, we attempted to separate physicallphase sampldat room temperatuje Chen and Cheonrg
the two phases by cooling thxe= 0.50 sample with dry ice to found in electron-diffraction measurements the formation of
~200 K, where the two phases are approximately in equaan incommensurate phase that would correspond to our
proportions(Fig. 4), and then removing the ferromagnetic 230-K structural transition. This new phase exhibited hyster-
portion with a permanent magnet. However, thatire  esis and two-phase coexistence, and these conclusions were
sample was lifted by the magnet, and with the large andtonsistent with subsequent NMR, infrared, and transport
finely powdered sample it seems very unlikely that all thedatal’~'° Our results are consistent with these studies, as
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TABLE Ill. Phase transitions and magnetic orderingliag sdCé& 5gVINO5 under different experimental conditions.

1 2 3 4 5 6
Heat and ZFC/5 K/O T ZFCSKBST  F..C/5K85T  FestC/HKET Fgs57C/5KI0T  Fg51C/5K/0 T/25 K
M.F. History A-lIP F-1° A-ll F-l A-ll F-l A-ll F-1 A-ll F-1 A-ll F-l
Phase fraction 76 24 68 32 24 76 24 76 27 73 68 32

(wt %)

a(A) 54413) 5.4291) 5.43952) 5.42587) 5.43394) 5.41583) 5.43574) 5.41643) 5.43595) 5.41724) 5.44133) 5.4261)
b (A) 7.51873) 7.65849) 7.51573) 7.64995) 7.50943) 7.64073) 7.509%5) 7.64173) 7.51316) 7.64214) 7.52064) 7.65257)
¢ (A) 5.47091) 5.4281) 5.46981) 5.42969) 5.46732) 5.42645) 5.46742) 5.42695) 5.46882) 5.42846) 5.47171) 5.4321)
v (A 223.812) 225.713) 223.612) 225.372) 223.093) 224.542) 223.182) 224.622) 223.353) 224.732) 223.912) 225.553)
M(MN®) (g) 23D 1.61) 0 0 1.04) 1.61)
M(MN®*) (g) 055) 1.31) 1.1(2) 1.31) 0.95) 1.22)
M(MN®) () 240 2.055) 1.1(2) 1.31) 1.42) 2.046)
ML(MN*) (ug) 2414) 2.244) 2.398) 2.418) 2.41) 2.21(6)
M, (ip) 3.00) 3.586) 3.654) 3.644) 3.005) 2.848)

8ZFC: zero field on coolingF,, indicates that a magnetic field of T was applied on cooling from room temperature to the temperature
indicated in the second part of the term; the third part indicates the magnetic field applied during collection of the data; in column 6, the
sample was heated from 5 to 25 K with no field applied after it was cooled to 5 K with an 8.5-T field.

PA-Il phase with nuclear structure symmef®ymaand CE-type magnetic ordering.

°F-1 phase with nuclear structure symmeRymaand ferromagnetic ordering.

well as with recent diffraction data. However, we find thatcantly broadened, the Mn-O distances change rapidly with
the incommensurate phase develops into a distinct secortdmperature. The overall distortion of the Mg@rtahedra is
phase rather than remaining as a charge-density wave wittifferent in the F-1 and A-ll phases, and they coexist to low
discommensurations. The F-1 and A-ll phases then coexistemperatures. This result is completely consistent with the
with regions transforming between the two phases disconinterpretation of Radaellet al. of the peak broadening in
tinuously as a function of temperature and applied magnetiterms of coexisting phases having similar lattice parameters.
field. The ferromagnetic phase itself, however, does not ex- Finally, we note that Radaekit al® reported evidence in
hibit any tendency to cant but instead maintains its collineatheir x-ray and neutron-diffraction patterns of the presence of
arrangement with the easy axis along the F-I phase down to 1.5 K, where it accounts for about 7%

The nuclear and magnetic structural results obtained if the total integrated intensity. These authors considered a
our analysis are generally in good agreement with publishedmall magnetic peak observed at 1.5 K to be typical of the
dat& and with Goodenough'’s theoretical predictin&lith  G-type antiferromagnetic structure, discussed by Wollan and
our experimental conditions, however, we have not been abl&oehler® and attributed it to the F-I phase. However, a com-
to observe in the neutron-diffraction patterns taken belowparison of Figs. &) and 2c) shows unambiguously that the
Tn=160K the satellite peaks generated by the modulatiophase F-1 at 10 K retains the same ferromagnetic ordering
discussed by Radaebit al.® or to detect the monoclinic dis- observed at 175 K, and there is no G-type magnetic order in
tortion required by the charge ordered state associated witlhe system.
the CE magnetic structure.
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