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Structural phase transition and T, distribution in Hf-doped LaMnO ; investigated using
perturbed-angular-correlation spectroscopy
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Using perturbed-angular-correlatigRAC) spectroscopy, via thé®Hf—18Ta probe, we have measured
Mn-site electric-field gradientéEFG’s) at Ta nuclei in ceramic samples of LaMaOr'wo crystallographic
phases coexist over a temperature intervakdf6 K near the orthorhombic-to-rhombohedral transition at
~724 K, which shows a thermal hysteresis=el.7+0.2 K. Concurrently, in the two phases, we determined
the temperature dependence of the EFG paraméfgys,n, and 8, and the ratio of the probe concentrations
A1/A,. To explain the apparent coexistence of two phases in this weakly first-order transition, we present a
model that assumes a spatial distributiorT givalues. This distribution could arise from a spatially nonuniform
distribution of Mn** ions. We show the PAC technique to be a uniquely powerful probe of local symmetries
that reflect the effects of a local distribution of valences, which drive the phase transition.
[S0163-182006)52230-7

During the past several decades, scientists have investelevated-temperature structural phase transition, and we have
gated phase transitions in many technologically importanbbserved the coexistence of two phases over a range of tem-
perovskites, and they primarily have used macroscopic progperatures, which we interpret using a model that includes a
erties such as heat capacities, susceptibiliies, an@patial distribution of critical temperaturg; values. This
diffraction-derived parameters to quantitatively characterizdistribution implies that this perovskite material has a Mn
these transitions. By their very nature, these quantities rep/@lence that varies on a nanometer scale. _
resent gross averages over the atomic-scale properties of The compound LaMn@ crystallizes in a perovskite
crystals. New detailed atomic-scale information may lead tetructure:™> We use the symbol “LaMnG" as shorthand
a better understanding of phase transitions. For this purposfor the formula(LaMn;”,Mn,")Og, which indicates that
we use the perturbed-angular-correlati®®C) technique to the actual composition depends st_rongly or_1.the Mn oxidation
sample local environments on the scale of a few atomiState. Depending on the processing conditions, several per-
lengths, so that we can observe small regions of differenf€Nt 10 several tens of percent of the manganese ions can

phases and thereby infer local variations in transition tem"aVe @ 4 oxidation state, and the formation of cation
perature La®" and Mn®™ vacancies is expected to compensate for the

PAC spectroscopy provides this type of detailed informa-Ncréased charge of the M ions as well as the much-

. : d : : maller concentration of Hf* probe ions:® Most reports
tion via .measurgments of magnetic 'hype.rﬁr_le fields an(?ndicate that, when LaMn@cergmics are sintered unF:jer re-
electric-field gradient¢EFG S.) at a specific site in the crys- ducing conditions at high temperatures, the laboratory-
tal. For this purpose, a relatively small amount of a rad'oac'temperature crystal  has orthorhorﬁbic symmetry
tive PAC probe ion *8Hf— 181Ta, is substituted into a site in Pbnm(DL%) and the composition is nearly stoichiomettic
2 .

the cr_ystal. The hyperfine interaction of the probe’s nuclear 5, early investigatiof indicates that the crystal under-
electric-quadrupole momefor the case reported herand ;464 4 transition to a rhombohedral structure~&70 K
the extranuclear EFG perturbs the spatial and temporal cofyhen the Mr*-ion concentration is near zero. As the
relations of they rays emitted by'®Ta excited nuclei after 14+ _jon concentration increases, the transition temperature
the radioactive decay of8'Hf. A recent review provides Jecreases. The MA ionic radius(0.68 A is smaller than
more information about PAC spectroscopy. the Mn®* ionic radius(0.785 A),” and the rhombohedral
The approach, therefore, is to measure the parameters thatucture has a smaller unit-cell volume than the orthorhom-
describe the hyperfine interaction, while a crystal undergoesic structure has. So the smaller ion introduces lattice strains
a phase transition. However, generally, these hyperfine pahat favor the rhombohedral structure. The*Hfprobe ion,
rameters need not be connectegbriori in a direct way to  which substitutes into the Mn site, has an ionic radius of 0.85
macroscopic thermodynamic quantities. The connection beA .” Although trace amounts of Hf PAC probes may in-
tween spectroscopic and thermodynamic quantities must beoduce some lattice strains, the symmetry of the EFG at any
made by creating a consistent picture using all available eviprobe site will be determined by the larger local environ-
dence, which includes both macroscopic measurements amdent. The concentration of Hf probes is so small that the
hyperfine parameters. To demonstrate this approach, we hapeobes will negligibly affect the observed transition tempera-
measured the Mn-site EFG in Hf-doped LaMg@uring an  ture in this experiment.
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Ceramic samples of LaMn9 were prepared using a
resin-intermediate method, which involved the metal precur-
sors, L&40OH); and M(CH3;COO) 5, and the Hf concentra-

tion was~0.07 at. % of the Mn concentration. The resulting 0.08
powder of mixed oxides was pressed into small pellets and
sintered at=1770 K under flowing Ar gas for 15—30 min. 0.04

Subsequently, the samples were crushed and sealed into
small fused-silica tubes; one sample was sealed under air and
another was sealed under Ar gas. X-ray powder diffraction

patterns were measured on small amounts of the radioactive
powder and the samples were found to be phase pure to

0.00

within several percent. 0.08
The experimental time distributions were measured using
a four-Bak-detector PAC spectrometer, which has a time 0.04

AN \\
T

resolution of ~800 psec full width at half maximum. A
specially-designed furnace and temperature control system

was used to maintain the samples at constant temperature,

+0.03 K, during the measurement periods of 0.5-1 day.

Also the controller was adjusted to avoid significant over-

shoots and undershoots when the sample temperature was

either increased or decreased. The measured perturbation £
functions A,,G,(t) were analyzed using a two-site model 0;
for static nuclear-electric-quadrupole interactions: <

0.04

2 3
_A22G22(t) = ]'21 AJ So+ kzl SkeXF( - 5ijkt)COE( kat) 0.00

+A;. (1) 0.04

HereA; andA, are the normalization factorg; and é, are 0.00 .

the Lorentzian line-shape parameters that correspond to |

static linebroadening, and; takes into account both the 0.04

effects of y rays that are absorbed by the sample en route to

the detectors and the fraction of probe atoms that are not in a 0.00

.
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well-defined chemical environmentFor most of the mea-
surements reported here;~0, because the samples were
relatively small) The site-occupancy fractions are repre- 0.08
sented byf,=A;/(A;+A,+A3), i=1, 2. The nonvan-
ishing EFG component¥;; in the principal-axis system
where the probe nucleus is at the origin are related to
the quadrupole frequency and asymmetry parameter by
wo=eQV, /4 (21 —1)% and 7= (Vyx—Vyy)/V,, in which 0.00
Q represents the nuclear electric-quadrupole mon(2siil
b) for the 8'Ta spinl =5/2 intermediate level. 20
Figure 1 presents several representative perturbation func- t (nsec)
tions out of those that were measured at temperatures near
T.. The 733.7-K perturbation function represents an interac- FIG. 1. Several representative perturbation functions that were
tion that occurred at a single site in the higher-temperatureneasured on a ceramic sample of LaMnéx the indicated tem-
phase, and the 716.2-K perturbation function represents aperatures. The solid lines represent fits of Bg.to the data points.
interaction that occurred at a single site in the lower-
temperature phase. At in-between temperatures, the perturbisirad sec'!, 7=0.83+0.01, and §=0.027+0.002. In
tion functions represent two interactions that correspond th.aMnOj5 interstitial O~ ions and cation vacancies are the
the probe sites in the two phases. dominant types of point defectdf either defect type were to
In addition, Fig. 1 presents two perturbation functionsreside near some of the probe ions, either multiple interac-
measured at laboratory temperature; the first was measuréidns, or linebroadening, or both could occur. These effects
initially and the second was measured after the long series @fre not strongly evident in our PAC measurements for
measurements at temperatures neawas completed. The samples that were initially sintered under Ar gas and not
EFG parameters that were obtained from the fits of these twsubsequently annealed in air at temperatures ab®3@0 K.
laboratory-temperature perturbation functions agree well an@hese defect effects are evident; however, in the measure-
indicate that primarily one interaction took place at a singlements that were performed either while or after the samples
site. The average parameter values arg=158.5-0.5  were annealed at higher temperatures in air. These observa-

0.04
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10 — , and, as such, they should be characterized by ld¥yeand
ﬁf %%} 1 n values. We expect they values for the rhombohedral
o8- : %{g ﬁ 3 { . phase to be close to zero, because the structure has a three-
OGL_ ﬁ% ﬁ ] fold rotational axis at the Mn site. Instead, however, the
e t e 1 | higher-temperature phase showsalues that range from 0.7
0.4+ §§§ §{ 4 to 0.8. One possible explanation for this discrepancy is that
. §§ §$ % 1 the higher-temperature phase was incorrectly identified as
0.2 g ) ¢ . having rhombohedral symmetry. Another possibility is that
5 ﬁ:_ “3 H{o 1 the Hf*"-probe ion traps a defect because it differs in charge
w388 §§o§a§m§o§oo§o§ 5 ] and size from the indigenous Mh ions. To test the latter
00k Mngﬂ“% 1838, 8§ hypothesis, PAC measurements should be performed in
1ok i which the O, partial pressure is varied at several specific
S P QMOﬁﬂoﬁ%ﬂJl T eleyated temperatures,800 K. In the absgnce of.this infor-
0.8_— ﬁﬁ§ﬁﬁ§§§§§§§$ s o ] r:nac?:n, we cannot say more about this interesting phenom-
5 8._000 © @m0050050 % ] The site-occupancy fraction§; and f, show smooth
E 7l H@ I 3 monatonic changes as the temperature increases. A similar
> sk i series of measurements was performed on the same sample,
© } 1 as it was cooled through the transition. Theandf, values
v: 4r Boooonaoooconoqm o o ] show very similar patterns, except that the data points are
> 20 720 730 740 shifted about 1-2 K to lower temperatures. This result indi-

cates that thermal hysteresis is operative during this transi-
tion. When f;=f,=0.5, the curves are separated by
FIG. 2. Summary of parameters derived from fits of E).to  AT=1.7+0.2 K, which represents the thermal hysteresis for
the experimental data points. The circles correspond to the interaghjs experiment. This 1.7 K of hysteresis was determined by
tions measured in the low-temperature phase, and the squares CPfoving through the 16 K temperature interval in steps of
respond to the interactions measured in the high-temperature phast?pically 0.5 K and collecting data for 8-14 h at each step
The measurements that these parameters correspond to were pgkfore changing the temperature by another 0.5 K.
formed_atsuccgssively increasin@mperatures. The dashed line For metal-oxide crystals, structural phase transitions can
shown in the site-occupancy fraction temperature dependence ref, .ateqorized as being either first-order or contind8us.
resents the f values measuret_jsatcesswgly decreasirigmpera- first-order transition is characterized by a discontinuity at the
tures. The displacement of this dashed line to lower temperaturetsransition temperaturg, in one of the first derivatives of the
indicates that thermal hysteresi§ =1.7 K characterizes the tran- _- ¢ S
sition. Gibbs free energy, such as in either the volume or the en-
tropy. The order parameter for a continuous transition de-
creases continuously and reaches zero as the temperature ap-
tions indicate that the very high-temperature Sintering OfproachesTc from below, and the derivati\(e) of the order
LaMnO; under Ar gas therefore produces samples that havgarameter may become discontinuousTat Often in con-
close to stoichiometric oxygen content, i~ 0. However, tinuous transitions, the crystal symmetries below and above
the small-but-nonvanishing laboratory-temperatdrealues T are similar; neither thermal hysteresis nor a latent heat are
suggest that the crystals contain some defects as a result observed; and the transition occurs between contiguous
the presence of small Mii -ion concentrations. states in the thermodynamic configuration space. Thus, first-
To assign the site substitution of tH8'Hf— 81Ta probe,  order and continuous transitions have distinctly different fea-
we used the initial results of PAC measurements performetlures. However, when the crystal symmetries and the latent-
at cryogenic temperatures=(140 K), where LaMnQ, orders  heat and thermal-hysteresis magnitudes differ very little, the
magnetically? In structurally-related magneti@BO; per-  experimental distinction between these two types of transi-
ovskites such as LaFeQa very large supertransferred mag- tions may be difficult to discern.
netic hyperfine field can occur at tt site? At the corre- The observed transition in LaMn{Oshows the character-
sponding A site, these supertransferred fields tend to bestics of a weakly first-order transition; namely, two dis-
minuscule’ The cryogenic-temperature PAC measurementsinctly different sets of EFG parameters characterize the
indicate the presence of relatively large magnetic hyperfinédwo phases and a small amount of thermal hysteresis ac-
fields at the'®Hf—181Ta probe sité. At T<T,, the large companies the transition. However, both phases appear to
observed Larmor frequency, (Ref. 8 indicates that the coexist over a temperature range of approximately 16 K.
1814f probe substitutes for Mn in LaMn@ This range of coexistence is too large to be explained by
Figure 2 summarizes the parameters derived from a serigemperature drifting in the sample during measurement. Fur-
of measurements performed at temperatures hgatn this  thermore, first-order transitions occur at a definite tempera-
series, the temperature was increased before each successivee, with hysteresis coming only from nucleation and
measurement. Th¥,, values are much lower and the  growth energies, superheating and supercooling, etc. There-
values are somewhat lower for the higher-temperature phadere, we suggest that a distribution Df values characterizes
than those for the lower-temperature phase. This trend ithe sample. To evaluate this possibility, we first further ana-
consistent with the qualitative expectation that, at highelyze the site-occupancy information. We define the ratio
temperatures, the stable phases tend to be more symmetri¢dl (1—f)]=(A;/A,), which represents the ratio of the
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The more important question is what causes the variation
in local T, values. We have suggested that this variation is
caused by a nonuniform spatial distribution of finions.
There will be some number of M ions in the material to
compensate cation vacancies or oxygen interstitials intro-
duced during processing. The presence of arf Mion may
introduce local strains in the neighborhood of that ion be-
cause it has a smaller size compared to theMions. In the
region over which these strains extend, i.e., a few atomic
distances from the Mh" ion, the strain energy favors the
| rhombohedral structure and allows the phase transition to
720 730 proceed in that local region at a temperature slightly lower

T(K) than the mean transition temperature for the entire sample. If

the Mn** ions were distributed uniformly through the

FIG. 3. Site occupancy fractions for the orthorhombic phasesample, in sufficient density that the strain fields overlapped
The circles represent the PAC data for successively increasing teniiroughout, then we would expect to observe no variation in
peratures, and the triangles represent the data for successively dé€ transition temperature from place to place within the
creasing temperatures. The lines represent fits ofBdo the data.  sample. However, the M ions are only present in very

low concentrations, so we observe statistical variations in
probe concentration in the lower-temperature phase to th&eir local concentration. Because the concentrations are
probe concentration in the higher-temperature phase. small and the variation in transition temperature is small, we

If the transition temperature varies within the sample besShould be able to make a linear approximation for the rela-
cause a nonuniform spatial distribution of Kin ions is  tionship between transition temperature and “Mrconcen-
present, then different Hf probe nuclei will experience thelration. Hence, random variations in Mih concentration in
symmetry change associated with the transition at differenf’® neighborhood of different PAC probe nuclei should
sample temperatures. As a simple model of this phenomyansiate well to a Gaussian distribution for the local phase
enon, we assume that the distribution of transition tempera;-rans't'on temperature. This distribution of local transition
tures experienced by the various PAC probe nuclei is Gau emperatures then gives rise to the coexistence of two phases

: . " SIhat we observe.
1an, character_lzgd by mean transition temperaﬂ]g(_aand In conclusion, we have measured the temperature depen-
standard deviationo. Using this model, the fraction of qonce of the probe site-occupation fractions at temperatures

probes whose immediate neighborhood is in the highnear T that characterize the LaMnOrhombohedral-to-
temperature phase, i.e., t¥f), at temperaturd is given by  grthorhombic transition. A model that describes the transi-
the probability that the transition temperature for the locakjgn using a Gaussian distribution df. values provides a
neighborhood |§T USing the Gaussian diStI‘ibution Of IO' good representation Of the Site_occupancy temperature de_
cal transition temperatures, this probability is just the cumupendence. This result implies that spatial fluctuations in the
lative distribution function: local environment are responsible for the coexistence of two

T 1 phases during this first-order transition. This result demon—

1_f:J' P(r)d7r== {1+er(T-To)/(N20)]}. (2)  Strates that PAC measurements can be used to obtain new,

—o 2 important information about phase transitions in complex

R%etal oxides.
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