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We have studied the strain effects on the structural and magnetotransport properties of
Pry 6751 3MnO; (PSMO thin films. The PSMO films were epitaxially grown on LaAJ@01),

SrTiO; (001), and NdGaQ@ (110 substrates that induce biaxial compressive, tensile, and almost no
strain in the films, respectively. The film thickndssaried between 4—400 nm, was used as another
controlling parameter of strain for each type of film. There exist two distinct thickness ranges with
different thickness dependence of the magnetotransport propertie$<<R8& nm, the zero-field
resistance peak temperaturg,] and the high-field magnetoresistan@¢FMR) properties are
critically dependent on the thickness and the substratet @0 nm, theT, and the HFMR ratio

show weakt dependence. The results show evidence for the effects of the Jahn—Teller type
distortion as well as disorders on the resistive transition temperature and the HFMROO®
American Institute of Physic§S0021-897@0)06909-7

I. INTRODUCTION about 10 nm which cannot be explained by the strain effect.
Therefore, a systematic investigation of the CMR films with
The discovery of the colossal magnetoresistaf@4R)'  well-controlled strain is needed in order to better understand
in the perovskite manganites; RA,MnO,;, where R and A the role of strain in CMR materials.
are rare-earth and alkaline-earth elements, respectively, has In this work, we report a study of magnetotransport
invigorated renewed interest in these compounds. One furproperties of Pyg;Sr 3MNnO5; (PSMO films grown on three
damental question regarding the physical mechanism of thgifferent types of substrates with thickness in the range of
CMR property is whether the well established double-4—400 nm. The substrates are LaAl@01) (LAO), SrTiO;
exchange(DE)? theory is sufficient to interpret the CMR (001) (STO), and NdGaQ (110 (NGO), which can induce
effect in these materials. Theoretical analysis based on thgiaxial compressive, tensile, and very little strain in the
Jahn—Teller(J-T) effect proposed by Millisetal® and PSMO films, respectively. Measurements on the lattice pa-
otheré suggests that a strong electron—phonon interactiomameters, the resistive transition temperatuflgs, the low-
must be considered in any explanation of the magnetotransield MR (LFMR), and the high-field MRHFMR) were con-
port properties of the CMR materials. High presSuaed  ducted. We have found that these properties depend strongly
neutron diffractiof experiments on bulk CMR materials on the film thickness, in the strained samples and there are
have provided evidence for the J-T effect in the systemtwo different thickness regions that show different thickness
Since uniaxial lattice distortion can be easily introduced independences of,, LFMR, and HFMR. Fort<<20 nm, the
thin films due to the lattice mismatch between the film andT, drops and the LFMR and HFMR increase sharply when
the substrate, it has been suggested that thin film samples afg&e thickness decreases. For20 nm, Tp, LFMR, and
good candidates for studying the effect of lattice distortionHFMR all change only slightly with the film thickness.
particularly the J-T type distortichpn the electrical and Moreover, the tensile-strained PSMO/STO films have lower
magnetic properties of the manganites. T, and stronger thickness dependence than the compressive-
Recently, several groups have reported strain effects ogtrained PSMO/LAO films. These results show that different
the transition temperature and the magnetoresistaéMé®)  strains all affect the magnetotransport properties in PSMO
of manganite thin filmg;® but the results are often not con- films and the effects oif, and HFMR can be partially ex-
sistent with each other. Milligt al.” studied the thickness plained by the J-T type distortions and disorder effects.
dependence of the Curie temperatliigin Lag Ca sMnO;
(LCMO) films grown on LaAlQ (001) substrates. They ob-
tained a monotonic reduction @ when the film thickness !l- EXPERIMENT
decreases and attributed it to a J-T term of the lattice distor- 1o pSMO films were epitaxially grown on LAO, STO,
tion. However, Racet al® did not observe any connection ;.4 NGO substrates by pulsed laser deposifidh.A ce-
between the change dfc and the J-T effect. Jiet al? _ramic PSMO disk with nominal composition of
found that the MR is maximum when the film thickness is Pry.6:Sh sMnO; was used as the target. An excimer laser
with a wavelength of 248 nm, energy density-e2 J/cnf,
dElectronic mail: hwang@phys.psu.edu and repetition rate of 5 Hz were used. The growth rate was
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FIG. 1. Substrate temperature dependence offthef the PSMO films on
LAO (A), NGO (@), and STO(Y) substrates, respectively. 45 46 47 48 49 50

20 (degrees)

0.5-1 A/s. In order to optimize the growth conditions for FiG. 2. XRD patterns of three 30 nm thick PSMO films grown on LAO,
each substrate, we have studied the dependence of the pggg;(o, and STO substrates, respectively. The arrows indicate the PSMO 002
resistivity, p,, and theT, on the substrate temperaturg) peaks.

and oxygen pressure during deposition. We found that in the

pressure range of 0.5-0.8 Topr, andT, are not sensitive to
the oxygen pressure and tifig of the thick films is close to  ~SMO at room temperature, and hence the PSMO/LAO

that of the target material. Therefore, for this study, we havdilms are compressed biaxially and the PSMO/STO films are

chosen an oxygen pressure of 0.75 Torr for the depositioffXPanded biaxially in the film plane. Correspondingly, the
Shown in Fig. 1 is the dependenceTyf on T for a series of lattice parameters in the film normal axis are expected to
. S . . .

20 nm thick PSMO films prepared on different substrates. agxpand in th? PSMO/LAQ films and.to compress in the
seen in the figure, we can achieve the optinigvalue for PSMO/STO films. Therefore, the lattice constants of the
each substrate in a relatively wide rangeTgf The optimum three types of films will show different thickness depen-
T, values are different for films on different substrates, d€Nnce- _ _

which will be discussed later in the article. For NGO sub-  1he XRD experiments show that all the PSMO films are
strates, theT, is almost constant fols between 670 and 9"°W" epitaxially with thec axes normal to the film plane.
880 °C. For LAO and STO substrates, the temperature winNC Impurity phases were found. Shown in Fig. 2 are XRD
dow for optimumT, is between 730 and 800 °C, which is 1‘}.—21‘} scans near the 002 peak of PSMO for three 30 nm
narrower than that for the NGO substrate. The optimiyn thick fllms grown on LAQ' NGQ’ and STO substrates, re-
appears to be similar for all the substrates. Therefore, for thgPectively. As indicated in the_ figure, the 002 peaks ?f the
films studied in this work, we have chosen the safgeat PSMO/LAO and PSMO/STO films are located at 46.2° and
780 °C for al the substrates. After deposition, the films werg?/-8°: corresponding to axis lattice parameters of 3.93 and

cooled down to room temperature in one atmosphere oxyger?: 81 A, respectively. Note that although PSMO is pseudocu-
X-ray diffraction (XRD) 626, ¢, and » scans were bic in bulk, heteroepitaxial PSMO thin films are tetragonally

used to examine the phase purity, crystallographic perfecgistorted due to biaxial in-plane strain. We refer to the out-

tion, orientation relationship, and lattice constants of the?{-Plane lattice parameter asand the in-plane lattice param-

PSMO films. The scans were performed with a Picker four-Eter asas. The diffraction peak of the PSMO/NGO film is

circle diffractometer using a Ca radiation. The magne- almost indistinguishable from the substrate peak due to their

toresistance was measured using a Quantum Design ppnppse lattice match. The peak positions of the PSMO/LAO

6000 system with a standard four-terminal method. The mag2nd PSMO/STO films vary with film thickness. With the
netic field was applied perpendicular to the film plane. thickness decreases, the diffraction peaks become broader

and their intensity is reduced, especially for the highly
strained films. As shown in Fig. 3, the XRp-scan shows
sharp peaks and almost equal peak intensity, indicating high
The doped bulk manganite PSM®=0.3) is a distorted quality in-plane epitaxy and the expected cube-on-cube
perovskite with a pseudocubic lattice paramedge=3.867  alignment of the unit cell of the perovskite film with the
A.12 The lattice mismatch between the PSMO film and theunderlying substrate. These features have been found in films
NGO (110 substrate §~3.86 A at room temperature is with thickness ranging from 7.5 to 400 nm.
only ~0.3%, and therefore the PSMO/NGO films are ex-  Thec axis lattice parameter as a function of film thick-
pected to have little lattice mismatch induced strain. Theness is shown in Fig. 4. As expected, tbevalue of the
pseudocubic LAO substrate has a smal&i79 A), and the PSMO/NGO films is almost independenttofvhile those of
cubic STO has a large8.905 A lattice constant than the the PSMO/LAO and PSMO/STO films are strongly depen-

Ill. STRUCTURES
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FIG. 3. X-ray ¢-scan of the 220 peak of a 150 nm PSMO/LAO fileh=0° FIG. 5. Thickness dependence Bf of the PSMO films grown on LAO
was set along the LAQ100] direction. The four peaks indicate that the (A), NGO (@), and STO(V) substrates, respectively. Inset highlights the
PSMO film is epitaxial with an in-plane orientation relationship of PSMO small thickness range. Dashed lines are guide to the eyes.
[100]IILAO[100Q], i.e., cube-on-cube. The in-plane lattice constant of the

PSMO isa;=3.82+0.02 A.

IV. THICKNESS DEPENDENCE OF Tp

dent ont. Whent increases from a few nanometers to aboveth One of the cr}aractgr?tm tfeatu.rtc_as _?f tdopeq ma;ng];(all:mtes IS
250 nm, thec value of the PSMO/LAO films decreases from 6)ef occurrﬁnﬁet ora rest|s |v¢ ralns;! lon ? ,Esie mlse c; '9.
about 3.95 to 3.87 A, while that of the PSMO/STO films rom a high temperature insuiating state o a low tempera-

increases from 3.80 to 3.84 A. Figure 4 clearly indicates that'"® metalll_c state, which is close & . _L_attlce distortion
can clearly influencé, (or T¢). By examining more than 60

the crystal lattice of the PSMO film in the direction is PSMO I d under th diti but
expanded for the compressive-strain films and contracted for samples prepared under the same conditions but on

the tensile-strain films. The strain is gradually relieved with8!ferent substrates, we have found a systematic thickness

increasing film thickness whenis larger than about 20 nm dependgnce oty for f"’.“s. ‘.N'th different strains. At the
and thec value gradually approaches that of the bulk psmosSame tr_nckness, the resistivity of the PSMO/STO film is al-
crystal (3.867 A.12 We are unable to measure the in—planeways higher than those on the other two types of substrate.

lattice parameters for all the samples. From the samples W%oncurrently, theT,, of the PSMO/STO film is the lowest
measured, we found that for 10 nm thick samples, thémong the three types of samples. Figure 5 shows the depen-

PSMO/STO film is fully strained witta;=3.90 A and the Fie;:tceﬂ?f"l'p ontfc:r :T} cigferent ﬁtﬁstrit_esk. The '_?E?tfh'gh'
PSMO/LAO film is partially strained witta;=3.81 A. Ights the same plot Tortne smafl iim thickness. This figure
gas several noticeable features. First, there are two distin-

substrate, the difference in the thermal expansion betweeglUiShable thickness ranges in which fpexhibits ditferent

the film and the substrate materials may also contribute t6 de{)}andeﬁcti- Fart< 20 an}Lp drolgsts:ggoly WIEP dehcreas-
the measured lattice distortion of the films. Unfortunately,mg kt?jr a dree ypses N dl ms;h 0 e)@%'g' P Stho_l\fvs
the thermal expansion coefficient of PSMO is not available,\c/)vfe"f[lhe Eg?\;‘ O?ng aicdonth’emPS(lavIg?SgTo filrgr;’incereg ces
and therefore it is difficult to estimate the effect on the lattice lightly with t. whereas that of the PSMO/NGO films de-

f the films. N hel i he f hat th . ;
fhaer?nr?aeiwerip(;ntsiﬁn!sm; Lz\grt( Xelgfg, E'Yle)n tsﬁ_oac(tot g tt %reases slightly. Third, th&, values of the PSMO/NGO

X 1075 K1), and NGO (1. 105 K~1) are very close to films are the highest and those of the PSMO/STO films are

each other, the thermal expansion contribution to the Iatticéhe lowest over the entire thickness range studied.
distortions should be similar for the three types of films.
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FIG. 6. HFMR as a function of the film thickness for the PSMO films grown
FIG. 4. Thickness dependence of thaxis lattice parameters of the PSMO on different substrates. Dashed line is guide to the eyes. Inset shows the
films grown on LAO(A), NGO (@), and STO(V) substrates, respectively. R(T) (H=0) and the HFMRT) (H=9T) of a 7.5 nm thick PSMO/LAO
Dashed lines are guide to the eyes. film.
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V. MAGNETORESISTANCE 1.0 T

The magnetoresistive effect of the PSMO films is closely
related to the zero field transport properties and is very sen- o 091 1
sitive to strain. We have reported previously that anomalous g 0.8
LFMR properties were observed in the strained filfths: +
The HFMR, defined as-[(R(H)—R(0)]/R(H) atH=9 T §a o7l ]
is plotted as a function of in Fig. 6. The inset shows the =
zero field resistance and the HFMR versus temperature = 06
curves of the same sample. Typically, the HFMR-T curve
shows a peak at a temperature 10-20 K belbyw This 05t . . )
behavior has been observed in almost all of our PSMO films 0.0000 0.0002 0.0004 0.0006
regardless of the thickness and the substrate. However, the 1/2e*

maximum -HI-:MR value depends on t-he thigkness of theFIG 7.T,/T,(0)+ aeg as a function of 1/2"2 of the PSMO/LAO(A) and
sample. I_t IS In Fhe order of 1000% fOI’ fllm_s thicker than 20 PSI\./IO./S%O(pV) films. E;I'he dashed and solid lines are linear fit to the data of
nm, and is as high as 20 000% for films thinner than 15 NMpsMo/LAO and PSMO/STO samples, respectively. The prefaktor Eq.
The HFMR is almost constant fde>20 nm and increases (2) can be obtained directly from the slope of lines.
sharply with decreasingwhent<20 nm. In general, higher
HFMR tends to occur in samples with low&,, which is
similar to the results in the bulk samplEsin addition, the caused by the static J-T distortion. To calculate the relative
HFMR ratio of the nonstrained PSMO/NGO samples iscontributions of the second and the third termsTto, one
lower than the highly strained PSMO/LAO and PSMO/STOneeds to know the out-of-plane lattice parametend the
samples. The HFMR increases monotonously with decreasn-plane lattice parametes; of the films. We obtained®
ing thickness in our samples down to 3-5 nm, which is thefrom the measured anda; and found thaP is ~0.44, very
thickness limit we can still obtain metallic samples. Theseclose to the reported values of LCM@d0.38 and
results differ from those reported in Ref. 9, where a MRLay;Sr,sMnO; (LSMO) (0.42 thin films?® With the P and
maximum was reported at a thickness of about 10 nm. thec values from Fig. 3, we found that, is always negative
for PSMO/LAO films and positive for PSMO/STO films. We
VI. DISCUSSION will use T, instead ofT for the following discussions since
althoughT¢ and T, are different, the difference between
them is small’®*For the PSMO/LAO samplegj is nega-

As shown in Fig. 5, for films witit>20 nm, theT, of  tive and hence the bulk compressive strain term in(Epis
strained PSMO/LAO and PSMO/STO films show strongerpositive, a mechanism equivalent to the hydrostatic pressure
thickness dependence than the nearly strain-free PSM@ffect® However, the J—T strain term is always negative. The
NGO films. The result is consistent with the fact that thecompetition between these two terms results in a moderate
lattice parameters of the strained films are thickness depemeduction ofT,. For the PSMO/STO samples; is positive
dent while in nearly strain-free samples it is thickness indeand both the second and the third terms in @&g.are nega-
pendent(Fig. 4). This shows that th&, is closely related to tive. Therefore T, is reduced further from its bulk value and
strain. However, although the magnitude of the lattice distoris lower than that of the PSMO/LAO films at the same thick-
tion (and hence the strginmn the PSMO/LAO films is larger ness. As for the PSMO/NGO samples, bethand e* are
than the PSMO/STO films, theif,s are higher instead of very small, and hencg;, is relatively close to the bulk value.
lower. In order to explain this result, one must consider the  Equation(1) can be rewritten as
crystal symmetry difference induced by different strains. Re- 1. %2
cently, Millis et al.” asserted that the strain effect &g in a [Tc(€)/Tc(0)+aeg]=1- A€ " @
manganite thin film is attributed to two parts: The uniform From the plof T¢(€)/Tc(0)+ aeg] vs 1/2¢2, one can ob-
bulk strain, eg, and the J-T straine*. The T¢ can be ex- tain the slopeA for a given a. Figure 7 shows the
pressed as [Tp(€)/Tp(0)+ aeg] vs 1/2€"? curves for the PSMO/LAO

1. and PSMO/STO samples. We have takenll from Ref. 7

Te(€)=To(e=0)(1-aeg—3A€™), @ and T,(0)=280 from our experiment. Although the data is
where a=1/TcdTc/deg and A=1/Tcd?Tc/d?e*. The  scattered, it can give a range of thevalue. We determined
magnitude ofe and A represents the relative weight of the the A to be about 147€ 50 for the PSMO/STO samples and
symmetry-conserving bulk strain and the symmetry-breakindg00x 200 for the PSMO/LAO samples. These values can be
J—T strain, respectively. The second term in @9is related compared with that of the LCMO thin films for which
to the change of the kinetic energy of the carriers with re—~ 1000 ata=10 was reported Obviously, theA value of the
spect to the strain. Sinceg= €+ €yyt€,,=2(1—P) PSMS/STO sample is larger than that of the PSMO/LAO.
=(1—-1/P)€,, (P is the Poisson ratjocan be either positive SinceA=d?T./de 2, a largerA in the tensile strained films
or negative depending on the sign of strain and the value afepresents a stronger J-T effect on TigTc).

P, this term can give either a negative or positive contribu-  The above results lead to an interesting suggestion that
tion to the T¢. The third term in Eq(1) is related to the the biaxial tensile-strain affect§, more than the biaxial
electron localization due to the splitting of the level — compressive-strain in PSMO films with a relatively large

A. Thickness dependence of T,
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J-T strain contribution. This is also consistent with the re-the magnetization increases and hence the resistance is re-
sults on LCMO thin films by Milliset al,” Raoet al.? and  duced. However, the J—T effect is not the only possible rea-
Koo et al!® However, Konishiet al® and our experiments son for the enhanced HFMR at a reduced film thickness,
on the LSMO film$’ do not show the same results. In the because the PSMO/NGO film also shows an increase in
LSMO films, theTy(T.) of the compressive-strain LSMO/ HFMR with decreasing. The structural disorder and surface
LAO films is lower than that of the tensile-strain LSMO/ spin disorder effects may become significant as the film
STO films for the same film thickness. One possible explathickness is reduced. Indeed, several groups have recently
nation for this discrepancy is that the lattice mismatchreported an enhanced MR effttt!??in manganite films
between LSMO(3.88 A) and LAO (3.79 A is too large and bulk materials by introducing structural and spin disor-
(—2.4%), and the structural disorder effect becomes domi-der. The disorder can result in a reduced mobility of the
nant over the strain effect. Further experiments are needed tmndition electrons and enhance resistivity. When a high
understand the difference of the strain effects in differenimagnetic field is applied, the proportion of the parallel-

manganite compounds. aligned spins is increased. Therefore conduction is enhanced
The gradual decrease @f, with the increasing in the  through the DE process, resulting in a large negative MR.
PSMO/NGO films whert>20 nm is not well understood. It It should be noted that the thickness dependencds, of

may be due to an increase in structural disorders, such d+MR, and HFMR all show a critical thickness at about
oxygen vacancies, when the films grow thicker. Since thel5—20 nm in our PSMO films. The physical meaning of this
strain effect in the PSMO/NGO films is negligible, the struc-critical thickness is not yet understood. Sanal. 2° have
tural disorder becomes a dominant effect. For the PSMOfecently shown that there exists a “dead layer” in the CMR
LAO and PSMO/STO films, since the strain effects domi-films. They attributed the dead layer to the origin of the
nate,T, increases with due to the gradual release of strain. measured anomalous low-field MR of ultrathin LSMO films.
The above discussion can qualitatively explain the thick-However, the critical thicknes&l5—20 nm we observed in
ness dependence of, for t>20 nm. However, it is difficult the PSMO films is much larger than the reported dead layer
to use the same argument to explain the sharp decredsg of thickness(3-5 nnt® and our estimated dead layer thickness
with t for t<20 nm. There is no doubt that the strain effect (<5 nm) from the thickness dependence of the resistivity.
contributes to the reduction of thg, becauseT, is always  Therefore, the critical thickness we observed must have a
higher for the PSMO/NGO films than that for strained films. different origin from the dead layer. In addition, Senal?°
But even the strain free PSMO/NGO films show a similarshowed that the MRat 3 kOg of the ultrathin LSMO films
sharp drop irT, (see Fig. $. This may be partially due to the exhibits different temperature dependence than the thick
finite size effect on the ferromagnetic ordering and partiallyfilms. Their maximum MR temperature is well beldky for
due to the structural disorder. Structural disorder and oxygefilms thinner than a few nanomete(about the thickness of
vacancies exist when large lattice distortions are present. Inthe dead layer We have shown previously that the LFMR
deed, we observed broader XRD diffraction peaks in thgeak in our strained ultrathin PSMO/LAO films is well be-
highly strained ultrathin PSMO/LAO and PSMO/STO films low T,. However, the HFMR peak in our samples is still
than in the less strained PSMO/NGO samples. The structurakery close toT, (about 10 K lower tharT,) as in bulk
disorder can result in spin disorder and enhance the electrasamples, even for samples as thin as 5 nm.
scattering and localization. Another important factor which
can affect the sharp decreaseTgfis the surface and inter-
face disorder layet®!® or the “dead layer? as reported

recently by several groups. For LSMO films, the estimated  |n summary, by growing PSMO films on different sub-
dead layer thickness is about 3—5 AhiThe effect of the strates and varying the film thickness, we have systemati-
dead layer becomes important when it is comparable to theally examined different strain effects on the magnetotrans-
film thickness because the effective ferromagnetic layer beport properties of the PSMO films. We have found that the
comes much thinner than the nominal thickness. T, of the PSMO films is suppressed and the MR effects
enhanced by strain-induced lattice distortions. The thickness
dependence of , and HFMR show evidence for the J-T
B. MR effect effect in the strained films. Furthermore, tfig, of the

As shown in Sec. V, fot>20 nm the HFMR effect is tensile-strain PSMO films is lower and more sensitive to the
smaller than those for<20 nm, and it is almost thickness strain than the compressive-strain films. The structural de-
independent. Furthermore, the HFMRas well as the fects and the surface spin disorder effects can also contribute
|_F|\/|Rll) properties in the thicker films are not sensitive to to the change OTp and the MR effects in the ultrathin films.
the substrate used. In the thickness rangé<o20 nm, the
HFMR increases sharply with decreasfﬁgiccompanied by ACKNOWLEDGMENT
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