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Transport and structural study of pressure-induced magnetic states in NglssSrp 4gVINO 5
and Nd, 5Srp sMnO 4
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Pressure effects on the electron transport and structure of [SgMnO; (x=0.45, 0.5) were investigated
in the range from ambient t& 6 GPa. In Ng 5551 49MnO;3, the low-temperature ferromagnetic metallic state
is suppressed and a low-temperature insulating state is induced by pressurg.s85,MnO;, the CE-type
antiferromagnetic charge-ordering state is suppressed by pressure. Under pressure, both samples have a similar
electron-transport behavior although their ambient ground states are much different. It is surmised that pressure
induces amA-type antiferromagnetic state at low temperature in both compounds.
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[. INTRODUCTION segregated into two different crystallographic structures and
three magnetic phases: orthorhomHim(na) ferromagnetic,

In Nd, _,Sr,MnO; manganite, the size difference betweenorthorhombic (mma) A-type antiferromagnetic, and mono-
Nd®* and Sf* is large (~0.15 A). With increasing St clinic (P21/m) charge-ordered CE-type antiferromagnetic
concentration, the bandwidth increases. With changes in phases, in which a magnetic field can induce the charge-
intriguing Spin, Charge, and orbital phases are produced ar@'dered monoclinic phase to CO”apse and to transform into
extensive studies have been performed on these sydtems. the FMM orthorhombic phase. Kajimot al'? showed that

In the x=0.5 compound, on cooling from room tempera- N the CE-type andA-ty_pe antiferromagnetic states, .the
ture, a transition from a paramagnetic insulatiR/ll) phase MnOg octahedra are apically compressed corresponding to

to a ferromagnetic metalliFMM) phase occurs at 255 K d3@—r2/day2_r2 Or dy2_,2 orbital ordering.

o Hydrostatic and uniaxial pressures affect the CO and
and a transition from FMM phase to charge-orde(€®) . ;
antiferromagnetic insulatingAFl) phase is observed at FMM states differently. In NglsSt, MNOs, hydrostatic pres-

~155 K. The magnetic structure in the CO AFI phase isooc (=~1 GPa) increases¢ with dTc/dP=6.8 K/GPa

i 5 o o and decreasesch at a rate of 8.4 K/GP& while uniaxial
CE-type? With the application of a magnetic field, the FMM ssure along theaxis decreases. at a rate of 60 K/GPa

state is enhanced and the charge-ordering state is suppresgei% increasesT at a rate of 190 K/GPY In
. . N CO )
completely above 7 ¥ The magnetic field induced collapse Ndy 4T cMnOs, with the application of uniaxial pressure

of _CO state is a(_:companled by_ a structu_ral transition 'r_‘along thec axis, theA-type antiferromagnetic phase is stabi-
which the volume increases drastically, leading to large POSif;aq by increasingTy, at 66 K/GPa, implying the stabiliza-
tive magnetovolume effeétOrbital ordering coincides with tion of thed,z_,2 orbital ¥ In thin fiIr,nS, due to the effect of
charge ~ordering. Different orlgnal ordering  types, g hstrate, biaxial strain can be induced. InyA&t, MnO;
dgi2r2/dgy2r2 typ€” or dyz_,2 type? have been suggested i, films, the thickness dependent strain tunes the competi-
in this compound. _ , tion between CO insulating and FMM stat@sand there are
Ndy 4531,59MN0O; is an A-type antiferromagnetic m(zetal optimal strain conditions under which the CO or metallic
with coupled magnetic and structural transitions225 K. states appedf.
The Mn moments are ferromagnetically aligned in tie The correlation between the structure and the electronic
plane in Pbnm symmetry. Charge carriers are confined gng magnetic transitions indicates its crucial role in this dop-
within the ab plane while the transport along tleaxis is ing system. We have studied the CO, FMM, and antiferro-
guenched, leading to highly anisotropic resistivify. {pap magnetic state changes in  NgSK4MnO; and
~10* at 35 mK.” The antiferromagnetic spin ordering is Ng, .Sy, MnO; through high-pressuréup to ~6 GPa) re-
accompanied by thel,>_>-type orbital ordering, both of sijstivity and structure measurements. It is found that pressure
which are simultaneously destroyed by high magnetic fieldsindyces similar electronic and magnetic behavior in them,

concomitant with a discontinuous decrease of resistivity.  hich can be partially related to the changes of orthorhombic
In this manganite system, the magnetic, electronic, an@jistortion under pressure.

orbital transitions are correlated with an abrupt structural

transition, in which thea andb I_attice parameters are elon- Il SAMPLES AND EXPERIMENTAL METHODS
gated and thec parameter is compressedn Pbnm
symmetry.” Other groups showed that in BgSr, sMnOs, The samples were prepared by solid-state reaction. Sto-

during the transition from FMM to AFI CO state, the crystal ichiometric amounts of N@;, MnO,, and SrCQ powder
symmetry is lowered to monoclinie21/m.®° Ritteret al’*  were mixed, ground, and calcined at 900°C for 15 h. The
suggested that the low-temperature AFI CO phase is phassample was then cooled down to room temperature and re-
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FIG. 1. Resistivity of (@ NdysSrhsMnO; and (b) FIG. 2. Transition temperatures (& Ndy 5551 4gMINO5 and (b)
Ndg 5Sh sMnO; under pressure. Ndy 55 sMnO5. The solid lines are third-order polynomial fits as

guides to the eyesia Metal-insulator transition temperature of

ground and then calcined again at 1200°C for 17 h. Thé\ldolsssrmlsl\/lnog where the inset show§ the resistivity changes with
powder was then pressed into pellets. The pellets were sifréssure in PMI phas@at 316 K(solid circlg] and FMM phas¢at
tered at 1500 °C for 12 h, cooled down to 800 °C at a rate 01120 K (open 9'":'9]; (b) M?tal"nsplator transitiortsolid circlg and

o . L charge-ordering transition (solid squarg temperatures of
5 °C/min, and then quickly cooled down to room tempera—NO| Sty MnO
ture. The pellets were annealed at 1200 °C and cooled down >~ ¥
slowly to room temperature at 1 °C/min. The x-ray powderthe transition temperature decreases on pressure increase.
diffraction patterns show a single crystallographic phase foAbove ~6 GPa, the insulating behavior dominates so that
each sample. The magnetization and resistivity measurdhe transition temperature cannot be determined, although
ments are consistent with the results of other grdus®  there is still a trace of metallic behavior. The change of tran-
The details of the high-pressure resistivity and high-pressuréition temperature with pressure is plotted in Figa)2The
x-ray diffraction methods and error analysis were describedhird-order polynomial fit gives a critical pressure*
previously® ~2.6 GPa, while the resistivity in paramagnetic phéae
~316 K) givesP* ~3.6 GPdinset of Fig. 2a)].

In this compound, the behavior @fy,, and resistivity is
similar to that found in LgggY 9 0 Ca 3MNO3 (Ref. 19 and
A. Ndg 56SFo 4MNO 5 Pr, [Ca Mn0;.2° However, the mechanism by which the

_ _ materials become insulating at high pressures is different. In
Ndo 55510 49MINO5 is a double exchange compound, with @hnse two compounds, the materials become insulating

FMM to PMI transition at~280 K upon warming. Under —through the suppression of the FMM state, displaying a de-
pressure, the electron transport is modified in an interestingyeasingT,,, above critical pressure. In Ng:St, 4MnOs,
manner. Figure (B) shows the resistivity as a function of the insulating state at high pressures has two origins: the
temperature and pressure. The most important feature is thﬁjppression of the FMM state and the expansion of a low-
insulating state arising at low temperature under pressuréemperature insulating phase, which appears with pressure
With pressure increase, the insulating behavior dominateicrease and finally dominates at high pressures. The en-
above ~6 GPa. Consequently, the resistivity in the mea-hancement of the insulating phase is the dominant contribu-
sured temperature range changes with pregsoset of Fig.  tion to the change in resistivity.

2(a)]. Below ~3.5 GPa, the resistivity in the PMI phase is  Abramovichet al?! proposed a phase-separation model in
reduced while in the FMM phase it is almost unchangedwhich the AFI droplets lie in a conducting ferromagnetic
Above ~3.5 GPa, in both phases, resistivity increases raphost. In the phase-separation model, the behavior of the ma-
idly with pressure. In the low-pressure range, the metalierial becoming insulating can be understood as pressure-
insulator transition temperatuiig,, increases with pressure. induced percolation where the increasing pressure suppresses
Due to the limit of the instrument,,, above 325 K in the the FMM component and enhances AFI component above
range of~2—-4 GPa cannot be determined. Abovéd GPa, P*.

IIl. RESULTS AND DISCUSSIONS
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1.2 The structure of Ngl,St, sMnO;3 is OF (a~b<c/\2).*?
® ab-plane (a) The corresponding orthorhombic distortion~9) in theab
114 O c-axis plane and—-2% along thec axis (calculated with the data in
| Ref. 12, which corresponds to thi2_,2-type orbital order-
3 & Q- ing and theA-type antiferromagnetic metal state. Under pres-
> 1.04 5 Q ,,Q—Q‘é . sure, the orthorhombic distortion for both thexis and the
> ] /_,,,——‘ o) 8- j”'i ab plane increase in NdsSry4gMn0O;, indicating that the
0 0.9- é_ o} ‘_.,—‘5 high-pressure  structure is more different from
o ! 3’ ,:—"é Ndp 455l 5MNO; than at ambient pressure. Tlab-plane
0.8- o ° distortion increase of NgsSr .gVINnO5 under pressure im-
| g plies that the orbital state is different from that of
® Ndg 555r0.45MnO3 Ndp 45515 5sMNO5 at ambient pressure. However, the similar-
0'7'. T T ity between the resistivitiegin both absolute value and
1.4 ) shape seems to suggest that pressure induceé-gype an-
1 ; 2bap_|:ne (b) tiferromagnetic state in NdsSrp 4gMnOs.
- Xl -
1.2- 002
s ©
7 _ -o_ ,Q' —066 Q O B Nd0.5SI’0.5Mn03
g L 'O__ & Figure 1b) shows the resistivity of NgkSr, sMnO3 under
© 08l e pressure. In the low-temperature CO AFI phase, the resistiv-
QYoe] ¥ --___ e Py ity is reduced by pressure. On the other hand, the insulating
N o % ‘\_ PY region extends to higher temperature so that the ferromag-
0.6 "‘!~§?\ netic metallic state is suppressed. If the temperature where
Ndg 5Srg 5MnO4 i‘ =5 insulating and metallic states crogke resistivity minimum
0.4- ) ) ® ® is defined as CO transition temperatufg,g increases first

(') i .i T é i é ' "1 i é i é ' with pressure and appears to decrease abe¥@ GPdFig.
2(b)]. At the same time, pressure affects the metal-insulator
P (GPa) transition only slightly. With pressure increadg,, increases
below ~3 GPa and drops above3 GPa. The highesky,
is only ~4 K higher than that at ambient pressure. In the
measured pressure range, resistivity in the PMI phase is sup-
pressed.
Tco increases with pressure below3.8 GPa whileT
It is noted that the transport behavior at high pressureshows almost no chand&ig. 2(b)]. This is different from
where the compound becomes insulating is similar to that othe result that hydrostatic pressure I GPa) increase$;
Ndp 4:S, ssMnO; at ambient pressur@. When high mag- and decrease§ o reported by other authors in single
netic field of 35 T is applied, the resistivity of thetype  crystalsi® On the contrary, our results are consistent with the
antiferromagnetic metallic NdisSr, sMnOs becomes simi-  effects of uniaxial pressure along thexis™ In Fig. 3(b), it
lar to that of N sSr 4gMnO;, Which is ascribed to the de- i; seen that the-axis digtortion increases while tladd-plane
struction of theA-type antiferromagnetic spin ordering and distortion decreases with pressure. Because the CO state cor-
dy2_,2 orbital ordering? Considering the similarity between "€SPonds to a higher orthorhombic distortion stapessibly
the resistivity ofx=0.45 compound under high pressure angthe pressure-induced increase aéxis dlstortlon_ enhances
x=0.55 at ambient presséfeand that ofx=0.55 in high the CO state. On the other hand, the decrease ialhglane

magnetic field® one might speculate that the state induced b);ilstortlon may enhance the electron hoping and lead to the

- - . .. _rresistivity decrease in thaeb plane.
S{EJSCSIE:Z Lg( NgAngO;aﬁgund has a similar spin and orbital Roy et al?* reported that pressure abovel.5 GPa splits
.45210.5 3

.the coincident antiferromagnetic and charge-ordering transi-

With the h|gh—.pre§sure structural measur_ements, It Sions in which T increases whilel'y decreases. With the
found that the lattice is compressed anisotropically by pres

h ) ¢ ch  lati fransitions decoupled, resistivity rises abruptly at the mag-
sure. The varying rates of change of lattice parameters undefyic transition but not at the CO transition, implying that

pressure lead to further distortion of the unit cell. To describgqy.temperature resistivity comes mostly from the CE-type
the orthorhombic distortion, Meneghiet al** defined the  antiferromagnetic state. We did not observe Tag and Ty
ab-plane distortion[Os,,=2(a—b)/(a+b)] and c-axis  gpjitting in a larger pressure range, possibility because our
distortion [O;=2(a+b—cy2)/(a+b+cy2)] (in Pbnm  sample is polycrystalline. In this case, the grain-size distri-
symmetry. When the lattice is cubic, bot®s,, andO. are  bution and randomly distributed grain orientations may lead
zero. Figure 8) shows that both distortions increase underto the broader CO AFI transition in polycrystalline samples
pressure, indicating a more distorted structure from the cubithan in single crystal. However, the large suppression of
case. resistivity indicates that the antiferromagnetic state, specifi-

FIG. 3. Pressure dependence of #ieplane andc-axis ortho-
rhombic  distortions of (@) NdysgSrH4MNO; and (b)
Nd, 5Srh sMnOs. (The dashed lines are guides to the gye.
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cally the CE-type antiferromagnetic state, is suppressed, 6 -
which is also consistent with theb-plane orthorhombic dis- 2004
tortion reductionFig. 3(b)]. 5 bo g
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In Ndy St MnO3, by substituting N&" with larger size
La®", the bandwidth is increased and hence the CO phase is
suppressed andl; increases. With applied pressure, a tran-
sition from the CO CE-type AFI to thA-type AFI was sug-
gested, in which resistivity is suppressed dng, gradually
increases with pressuféThis is consistent with our result in
the parent compound N@Sr, sMnO3; and at a much higher
pressure. The smallexb-plane distortion and larges-axis L L L s L L
distortion at high pressures may favor Artype antiferro- 80 120 160 200 240 280 320
magnetic state andl,>_y2 orbital ordering as in thex T (K)
=0.55 compound. In thé-type AFI state, resistivity is de- _ o
creased due to enhanced in-plane transfer integral by the re- FIG. 4. Comparison of resistivity of N@sSt 4,MnO; and
duction of in-plane distortion. In the phase-separationNdosS0sMNO; under pressure. The inset shows the resistivity of
model! the A-type antiferromagnetic phase is enhanced an d0_5Sr0_5Mr_103 thl_n films with different thicknesses from Ref. 15
the CO CE-type antiferromagnetic phase is suppressed co r comparison with our pressure results.
comitantly by pressure. Because the bandwidth is sensitive to
the atomic structure of the MnQoctahedra, especially the thin films is found to increas€. Compared with
Mn-O-Mn bond angle, it is highly desired to measure theNdyssSlh4MNO;, the resistivity evolution with thickness
atomic structure to explain the electronic and magnetic bedecreasdstrain increaseis in analogy to pressure increase
havior under pressure. Unfortunately, it has been found difin bulk Ndy S 4gMIN05, indicating that pressure increases
ficult to acquire the atomic structure information from x-ray strain in bulk sample proved by structure measurements.
diffraction, due to the large difference between the scattering
factors of the Nd/Sr and oxygen atoms compared to the case
of LaggYooCasMnO; in our previous work® which IV. SUMMARY
makes the refinement to the oxygen coordinates in the unit
cell extremely difficult. A similar case also exists in the studyNd

on Fhe structure .Of PbO under h'gh presstirgo other ex- that they have a similar resistivity as a function of tempera-
penmental techniques, such as high-pressure Raman Scattﬁjrie, which results from the different effects of pressure on
ing, are proposed to probe the local structure changes undﬁ{eir structures. Under pressure, both the ferromagnetic me-

pressure. : . _ :
. . tallic state in thex=0.45 compound and the CE-type anti-
The wo Nd_,SrMnQ, manganites ak=0.45 and 0.5 dferromagnetic insulating state in the=0.5 compound are

have very different electronic, magnetic, and orbital groun suppressed. By comparing the resistivity and structure with

states at amb|f3nt conditions. Howevc_er, when we compare ﬂ} ex=0.55 compound, pressure appears to induce a similar
resistivity at high pressure, we can find a surprising similar-

) . . ; electronic and magnetic state in these two compounds with
gﬁgleetvgfeteﬁetreesgg\'/%? o]f(?h:sned tv]\(/?)){:.olr:r:%lcj)ruengslsz:\tapnrei);uremUCh different g_round states. We suggest that the pressure-

o o ' duced magnetic states in both samples A&ttgpe antifer-
above the critical pressure. The similarity also seems to im- .

. . : omagnetic.
ply a similar electronic and magnetic state. The structura[
measurements partly justify this assumption. The orthorhom-
bic distortion ofx=0.45 is increased by pressure to almost
the same as that of the=0.5 compound at ambient pressure
[Figs. 3a) and 3b)]. In addition, the similarity between the The high-pressure x-ray diffraction measurements were
high-pressure resistivity of these two compounds and that gberformed at beam line X17B1, NSLS, Brookhaven National
Ndp 45515 5sMN0O5 also suggests aA-type AFI phase in the Laboratory which is supported by the U.S. Department of
high-pressure phase. Energy under Contract No. DE-AC02-98CH10886. The au-

It is interesting to compare the effects of pressure andhors would like to thank Dr. Jingzhu Hu at X17C, NSLS for
strain in thin films. The inset of Fig. 4 shows the resistivity her assistance on the pressure calibration for x-ray diffrac-
of NdysSrhsMnO;3 thin films of several typical thicknesses tion. This work was supported by the National Science Foun-
from Prellier et al'® With thickness decrease, the strain in dation under Grant No. DMR-0209243.

p (108 Qcm)

In summary, by studying the resistivity and structure of
L «SKLMnO3 (x=0.45,0.5) at high pressures, it is found
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