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Low-Temperature Specific Heat ofLaj_xSryMnO3+5
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The specific heat of the perovskite manganite_L.&r.MnOs..s was measured in the doping regime
x = 0.0 to 0.3 where at low temperatures the material changes from a layered antiferromagnetic
insulator to a ferromagnetic metal. A term in the specific h€ats 72, is found in LaMnQ that is
attributable to spin excitations in a layered antiferromagnet. Ferromagnetic samples have the expected
specific heat ternC « T2 due to ferromagnetic spin waves. The exchange couplifigelectronic
linear term ¢), Debye temperaturedf,), and the local field at the Mn sitéi(,,) are extracted from the
specific heat as functions of Sr doping. [S0031-9007(97)02950-5]

PACS numbers: 75.40.Cx, 71.30.+h, 72.80.Ga, 75.30.Ds

The perovskite manganites exhibit many interestinghe sample has a small local maximum in the resistiv-
properties associated with the connection between chargey at 235 K with an overall resistivity that increases ex-
transport and magnetic structure [1]. Most work fo- ponentially with decreasing temperature (insulating). For
cuses on the magnetoresistive properties that are most pro-= 0.2 and 0.3, the resistivity passes through a peak at
nounced in the = 0.3 compounds ofRE];— Il \MNO; ;5 a temperaturd, (320 and 370 K for 0.2 and 0.3, respec-
where RE is a lanthanide and Il is a divalent cation [2]. Thetively) with activated behavior above and metallic con-
goal of this study is different in that the metal-insulator duction below?,. The Curie temperature: extracted
transition as a function of temperature and applied fieldrom magnetization data were 145, 250, and 310 K for
will be ignored and, instead, the nature of the transition ashe 0.0, 0.1, and 0.2 samples, respectively. Compared to
a function ofx at low temperatures was studied. magnetization measurements on, LgSr,MnOs. s single

To examine how the low-temperature metallic phasecrystals [7], ourx = 0.1 sample appears to have excess
evolves with doping from the parent compound, in thisoxygen of§ = 0.02 to yield an elevated Curie tempera-
case LaMn@ doped with Sr, high-precision specific- ture. We were unable to measufe for the 0.3 sample
heat measurements were performed on samples screerdigk to the large value.
by resistivity and dc magnetization measurements. The Specific-heat measurements were performed from 0.5
specific heat has been previously measured for a range 200 K in zero magnetic field. A semiadiabatic tech-
of dopingsx but only for7 = 50 K in La;—,Ca,MnO;  nique [8] was used to measure the specific heat from 0.5
[3]. The specific heat of the doped manganites havéo 20 K having a precision of-0.1% and an accuracy
been measured for fixed where the divalent cation has typically better than 0.5% as compared to accepted values
been varied (Ca, Sr, and Ba) [4] and for samples of9]. Above 20 K, an isothermal technique was used [10]
Ca-dopedx = 0.2 [5] and x = 0.33 [6]. With doping, having a precision of=0.1% and an accuracy better than
La;—,Sr,MnOs.; s demonstrates marked changes in both0.25% below 100 K but increasing to 1.5% at 200 K [11].
its low-energy magnetic and electronic excitations as welDetails on the specific-heat apparatus and the results on
as the behavior of the lattice. By fitting the specific heatcopper are described elsewhere [12].
data at low temperatures the evolution of the magnetic- The results of the specific-heat measurements below
exchange coupling/{, electronic linear termy), Debye 10 K are shown in Fig. 1 plotted a8/T versusT with
temperaturefp), and local magnetic field at the Mn site 7 on a log scale in order to expand the low-temperature
(Hnyp) can be extracted as functions of doping. region. The first obvious feature is a low-temperature

Samples for this study were prepared using a standangpturn present in all samples indicative of a Mn-hyperfine
grind and fire method. Pure powders of,0g, SrO, and contribution to the specific heatC{,,). This term is
MnO were stoichiometrically mixed, pressed into a pellet,caused by the large local magnetic field at the Mn nucleus
and fired in air ati300 °C for 20 hours. The pellets were (H,y,) due to electrons in unfilled shellsCy,, can be
then air quenched, reground, and refired under identicaldequately represented by_,/7? and the coefficient
conditions three additional times. The final pellets wereconverted to a local fieldHy,,) at the Mn nucleus [13].
12.5 or 10 mm in diameter having masses of 2-3 gWNhen the data are plotted 85T versusT with T on a
with nominal Sr concentrations of 0.00, 0.10, 0.20, andinear scale (see inset to Fig. 1), the= 0.0 data show
0.30. All measurements for each Sr concentration wera conspicuous linear dependence above 1.5 K strongly
performed on samples from the same firing run. suggesting &> temperature dependence to the specific

Two screening tests were performed on each sampldieat; however, for the = 0.1, 0.2, and 0.3 data, no such
electrical resistivity and dc magnetization. For= 0.1 T2 dependence seems obvious. To isolate this term, fits
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R I O S From the fitting results, it is clear that for the= 0.0

o Li‘“sxi‘xnoa S: f | sample there is @2 contribution to the specific heat which
AR L o 1 disappears in the Sr-doped samples. LaMiiga type-
ssb | = o % ° f A antiferromagnet (ferromagnetic layers antiferromagneti-
% cally coupled) [14]. Inelastic neutron scattering on other
layered antiferromagnets (e.g., NiO and MnO) find both
linear and quadratic dispersion relations depending on the

C/T (mJ/K2mole)

orientation being probed within the magnetic Brillouin
zone [15]. Therefore, we propose the following disper-
sion relation for the long-wavelength spin excitations:

® = D,k + D_|k.|, )

°0_5 06 0708 10 2.-0}(K) 3.0 40 50 60 7.0 80 100 Where k_p — \/m and Dp and DZ are the Spi.n_
wave stiffness coefficients for the planar ferromagnetic and
FIG. 1. The low-temperature specific heat for= 0.0, 0.1, linear antiferromagnetic excitations, respectively. This

0.2, and 0.3 front" = 0.5 to 10 K plotted on a linear-log scale gispersion relation yields the low-temperature magnetic
asC/T vsT. The lines are the best fits to the data as listed in

Table I. The inset shows the same data on a linear-linear Scalgontrlbutlon to the specific heat per unit volume,

3kp * * x +y
Cme = 45D D U dxf e 1}(kBT)2’
were performed on each set of data to the equation pHzbJ0 0 '

3)
= + + + 1 . . . .
€ = Cinag + Ceteec + Crae + Chyp (1) offering a plausible candidate for the obsenf@dcontri-

where Cpy, is the spin-wave contribution to the specific bution in thex = 0.0 sample [16]. From the experimen-
heat varying as;/,T>/% or B,T?, Ce.. is the electronic tal value ofB, and Eq. (3) the spin-wave stiffness product
contribution yT, Cy, is the lattice contributiorB373 +  D,D, = 55 (meV)?A3. The presence of th&>/? term
BsT?, andCyy, is described above. and the disappearance of t#é in the x = 0.1, 0.2, and
Shown in Table | are the results and %rms deviation®.3 samples indicates that typeantiferromagnetic order
of the most relevant fits performed on the data. The firshas been replaced by ferromagnetic order.
fit for each sample is considered to be the best fit for that The other contribution ta of interest isCejec. From
sample. The other fits demonstrate the effects of addingable I, it is clear that for ther = 0.0 and 0.1 samples
or removing terms in Eq. (1) with their resultant changeno linear term is necessary in the fitting expression con-
in %rms deviation. The use of thBs7> term in the firming the resistivity measurements that these samples
lattice contribution is required to adequately fit each datare insulators. For the = 0.2 and 0.3 samples, the lin-
set below 10 K. Narrowing the fitting region from either ear terms are necessary and are roughly the same at
the low- or high-temperature side does not significantly3.3 mJ/K>mole. A linear term for Lg;Sr3MnO; has
change the parameters except to eliminate the need for theeen reported elsewhere [4] and is significantly larger at
BsT> term. The lines through each data set in Fig. 1 were.0 mJ/K? mole; however, their data extend to only 2 K
generated using the best fits in Table I. andCyy, andCy,,, Were notincluded. Fitting the = 0.3

TABLE I. Summary of fitting results to the data in Fig. 1. The definition of the coefficients
are given in the text. The units are fndole K"*! wheren is the subscript of the coefficient.
The asterisk denotes the best fit.

x A Y B3 B B; X 102 Bs X 104 % rms
0.0+  8.0340 3.8003 7.0610 —1.6792 1.00
0.0 6.8872  4.9406 72.129 —35.217 6.22
0.0 7.5352 4.1606 50.515 —21.000 3.58
0.1*  9.2035 3.7024 11.693 3.9655 0.51
0.1 9.1534  0.29235  3.4727 12.722 3.3373 0.47
0.1 8.4419  4.6551 e e 28.719 —6.6046 2.89
0.2*  9.2977 3.3386 1.1802 e 9.6989 4.4033 0.36
0.2 9.9110 3.7516 —1.3083 10.952 2.40
0.2 9.0338  4.8505 e e 14.894 1.2557 1.14
0.3* 8.6913  3.2873 0.95672 .- 8.3828 3.9763 0.41
0.3 8.4647  4.5291 . e 12.493 1.5227 1.07
0.3 9.3234 e 3.4492 e —1.9837 10.038 2.62
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data reported here under similar conditions yields a linear 25 : : - T : 3]
term of approximatelyy mJ/K? mole. 20 .

The behavior ofy suggests a metal-insulator transition I
betweenx = 0.1 and 0.2 with the surprise that upon 10k . ]
further doping tox = 0.3 there is no increase iry. 05l ]
The linear term in the specific heat of a metal can ]
be related to the density of states at the Fermi surface
N(Ef): y = m*k3N(Er)/3. Usingy = 3.3 mJ/K2mole
yields a N(Er) = 2.4 X 10*2/eVcm® which compares
favorably to the valueN(Er) = 1.4 X 10%2/eVcm?
determined from band-structure calculations for : ]
Lag¢7Cay33Mn0O; [17]. This result suggests that the mass 0O ; * ' ' ' ]
enhancement due to interactions is not of overwhelming 300 - ® ‘-
importance in the metallic state of Lg Sr,MnOs.

Photoemission spectroscopy purports that the Fermi en-
ergy lies in the conduction band with increasing density of [
states towards higher energy [18]. If true, the Fermi sur- 250 [ ; ; .
face is electron-like and samples should be considered as 39 ° §
electron-doped SrMn©Owith a carrier concentration of I ]
(1 — x) per unit cell (to yieldn = 1.2 X 10?> cm™3 for
x = 0.3). Using the free-electron gas relatidh(Er) =
3n/2Er yields an upper bound on the Fermi energy of .
700 meV. The available phase space for electron-electron 0.0 0.1 02 03
scattering is proportional tokzT/Er)> so that a small X
Fermi energy enhances this scattering channel over others
but the interaction strength i®t necessarily stronger than E'G: 2. Plots of the parametets y, 6p, and Huy, versus

. . . oping x as extracted from fitting the data in Fig. 1. The
systems with large Fermi energies [19Er = 700 meV  "— 11y sample is not included in the plot of since the
is a low value compared to common metals and im—oupling is not ferromagnetic.
plies that electron-electron scattering may dominate over
other scattering mechanisms. The resistivity of the:
0.2 and 0.3 samples shows = p, + AT? behavior for andS = (4 — x)/2 for x = 0.3. This value is in rough
T = 200 K as previously reported for La,Sr.MnO; [7]. agreement with the more direct measurements via inelas-
This indicates a strong component of electron-electronic neutron scattering oD = 188 meV A> measured at
scattering via phonons or spin excitations as might be ex27 K in Lay7Sh3MnO; [22] and D = 170 meV A? at
pected from a magnetic material with a low-carrier densityzero temperature in la;Ca33MnO; [23]. No need was
(small Fermi energy). found for a spin-wave energy gap in the fitting results in

Shown in Fig. 2 are the relevant fitting parameters inTable | for any sample even to the lowest temperatures
Table | converted td/, v, 6p, and Hyy, plotted versus (T = 0.5 K) consistent with a soft magnetic material (in
x. For the dopingsc = 0.1, 0.2, and 0.3 the magnetic- agreement with ferromagnetic resonance studies [24]).
exchange coupling/ is determined using the standard With Sr doping the lattice softens as indicated by the
formula for spin excitations in a simple cubic ferromagnetdecreasingp in Fig. 2. After going through a minimum
[20]. The increase iy tracks the increase of the Curie near the metal-insulator transition & 0.2), 6p increases
temperaturelc. For thex = 0.2 sample {c = 320 K)  with the Sr concentration. The softening of the lattice seen
theJ = 1.9 meV. This value can be compared fo=  here in the specific heat between= 0.1 and 0.2 seems
1 meV found in LagCa,MnO; with the majority of closely related to the magnetic field-induced structural
the difference attributable to the lower Curie temperaturalistortions observed in lgg,5SK.175MnO; [25]. The mag-

(Tc = 208 K for x = 0.2) [5]. One should also note that nitude of 6, reported here is significantly lower than

J in this Letter is extracted from the low-temperaturethat reported for LgsCa,MnO; wheref, = 528 K, but,
specific heat, whereas in Ref. [5] was taken from the again, this value was extracted from data at higher tempera-
change in entropy as determined from the anomaly in théures " = 100 K) fit directly to the Debye function [5].
specific heat near the Curie temperature. The local magnetic field at the Mn sites can be deter-

For the x =03 sample T{¢ = 375K) the minedfrom the nuclear Schottky anomaly for two reasons.
J = 2.3 meV which compares favorably tb= 2.4 meV  The first is that the on-site moment of the electrons is large
in Lag7PhysMn0O; (T = 355 K) determined via neutron due to the Hund’s rule alignment of spins. This pushes
scattering [21]. The spin-wave stiffness coefficient correthe nuclear Schottky anomaly up to attainable tempera-
sponding ta/ = 2.3 meV isD = 130 meV A? using the tures. The second reason is the useful coincidence that
relation D = 2JSa* with the lattice constant = 3.9 A the most prevalent isotope of oxygefi@ with a 99.96%
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abundance) haso nuclear moment [26]. Although the [8] N.E. Phillipset al. (to be published).

e, — o conduction band is composed of hybridized Mn [9] D.W. Osborne, H.F. Florow, and F. Schreiner, Rev. Sci.
3d (e,) and O D (o*) orbitals, the nuclear Schottky anom- Instrum. 38, 159 (1967).

aly will only respond to changes on the Mn sites. This[10] W.F. Giauque (unpublished).

provides a means for determining where the doped carrPl] D.L. Martin, Rev. Sci. Instrums8, 639 (1987).

ers are residing. 12] B.F. Woodfield and R. A. Soulen, Jr. (to be published).
" . L [13] H. KopfermannNuclear MomentgAcademic Press, New
Initially, Hpy, increases as the Sr dopingincreases.

. ; . s York, 1958).
Since Sr mtroduces holes into the, — o™ band of [14] E.O. Wollan and W.C. Koehler, Phys. Re%00, 545
LaMnQ;, an increasingd,, means that the holes must (1955); Q. Huang, A. Santoro, J.W. Lynn, R.W. Erwin,
be going to the oxygen sites with electrons being pushed . A Borchers, J.L. Peng, and R.L. Greene (to be
onto the Mn sites. Holes on the oxygen sites mean that  published).
the magnetic moment isot solely on the Mn sites. This [15] M.T. Hutchings and E.J. Samuelsen, Phys. Rev6,B
trend continues through the metal-insulator transition 3447 (1972) (NIO); J. Pepy, J. Phys. Chem. Soléfs
to x = 0.2. For the x = 0.3 sample Hyy, decreases 433 (1974) (MnO); M. Kohgi, Y. Ishikawa, |. Harada, and
implying that holes are finally doped onto Mn sites. K. Motizuki, J. Phys. Soc. Jpr86, 112 (1974) (MnO).
These properties identify LaMnQas having significant These compounds have spin-wave energy gaps and, thus,
. . do not exhibit7? dependence in the specific heat [e.g.,
charge-transfer insulating character [27]. These results .
can be compared to photoemission spectroscopy (PE H. W. White, J. Chem. Physil, 4907 (1974)]. :
ﬁe] The prefactor to the integral in Eq. (3) is derived for
on Lal_xerMnO3+_5 where the ground state was found a magnetic Brillouin zone of extentr/2a in the k,
to have a very mixed character of oxygpnand Mnd direction because of antiferromagnetic ordering. The
orbitals [18]. The change of the ground state character integral has a numerical value of 2.40 to yielth,, =
measured in PES with doping is consistent with the  0.058kz(kzT)?/D,D..
doped holes going to the oxygen sites as indicated in oJi7] W.E. Pickett and D.J. Singh, Phys. Rev. 38, 1146
measurements. (1996).

In conclusion, the low-temperature specific heat off18] A. Chainani, M. Mathew, and D.D. Sarma, Phys. Rev. B
Lal—xsernO3+§ reveals that the =03 meta”lc com- 47, 15397 (1993), T. Sa|t0h, A.E. BOCquet, T. M|ZOkaWa,
pound is a low-carrier density metal with conventional U NTaaTziL%meﬁtgsFulgr;\/othgﬂi Alb?E)ngez, \El;)ag;ed? l:‘”d
ferromagnetic spin_waves. The e).(traCted ma_gnetlc— Park, C.T. Chen, S-W. Cheong, W. Bao, G. Meigs,
exchange coupling/{j and spin-wave stiffness coefficient

. - . . V. Chakarian, and Y. U. |dzerda, Phys. Rev. L&8&, 4215
(D) are in rough agreement with inelastic neutron (1996).

scattering results. The Debye temperature is found tp19] N.w. Ashcroft and N.D. MerminSolid State Physics
be lower than previously measured for the perovskite = (w.B. Saunders Co., New York, 1976), pp. 346ff.
manganites and can vary by 20% with doping of holeg20] C. Kittel, Quantum Theory of SolidéJohn Wiley and
that preferentially reside on the oxygen sites. Sons, Inc., New York, 1987), p. 55. The specific heat
The authors would like to acknowledge support of per unit volume for ferromagnetic spin wavesQs,, =
this research from National Research Council postdoctoral ~ 0.113kz(ksT/D)¥? for the dispersion relationw, =
fellowships. B.W. thanks R. Soulen for considerable D> + A where D = 2JSa’ for a simple cubic lattice

experimental assistance. and the spin-wave energy gdp= 0.
[21] T.G. Perring, G. Aeppli, S. M. Hayden, S. A. Carter, J.P.

Remeika, and S-W. Cheong, Phys. Rev. L&tt, 711
(1996).
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