PHYSICAL REVIEW B 71, 094503(2005

Ultrasonic study of the charge-stripe phase in Lagg,NdySr 1 CuO,
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Elastic energy loss spectra for Lg,Nd,Sr, ;Cu0, (LNSCO) polycrystalline samplegy=0, 0.20, 0.30,
0.40, 0.50, 0.6pshow a transformation of charge stripes from dynamic to static state. A sharpPpaak
energy loss spectrum around 70 K observedyfar0.3 samples indicates the formation of static stripe order,
and a relative stiffening of the sound velocity bel®w temperature suggests the development of the static
charge stripes. Both the intensity Bf and the relative stiffening of the velocity increase with increasing Nd
doping due to the stabilization of the static charge stripes. The evolution of another new broaB,peak
observed around 100 K, which has never been reported for the system before, is consistent with the scenario
of interaction between dynamic charge strips and pinning centers. The activation energy of the charge stripes
overcoming the pinning centers was suggested to increase with increasing Nd doping.
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[. INTRODUCTION them acting as a line defect of electromagnetic structure is
coupled with the crystal lattice, the ultrasonic attenuation
There is growing evidence that charges and spins selfmeasurement will be useful to investigate the existence and
organize in Cu@planes in a peculiar striped manner at leastthe motion of charge stripes.
in some high¥, cuprates, where the doped holes are ar- Considering the difference of the frequency used in the
ranged in one-dimension&lD) lines, “charge stripes” that two techniques(~kHz for internal friction spectroscopy,
separate the antiferromagnetic domdirfsExperimentally, while ~MHz for ultrasonic attenuation measuremerthe
Nd-doped La_,Sr,CuQ, (LSCO) has attracted much atten- relaxation process found by Cardeeo al!! should be ob-
tion since the discovery of the static charge stripe order byerved at a higher temperature in ultrasonic attenuation mea-
Tranquadaet al?>~* The incommensuraténelasticmagnetic ~ surements. Motivated by the proposal, we have carried out
peak found in the LSCO systérn inelasticneutron scatter- systematic ultrasonic attenuation measurements on the
ing, which has been attributed to the existence of chargéa g5 Nd,Sr, 1, CuQ, (LNSCO) series in the present work.
stripes in a fluctuating sense, has also become the most iftere, the advantage of studying Nd-doped LSCO is that they
teresting hot topic in the field. Lots of experiments havecan give information not only for the dynamic charge stripes
demonstrated that both dynamic and static charge stripdsut also for the static ones. The experimental results depict
play an important role in many unusual properties ofthat with increasing Nd-doping level, the dynamic charge
cuprate$19 But study on the dynamics of charge stripes isstripes were pinned down gradually and the static ones be-
still quite scarce. come more and more stable. A new energy loss peak ob-
An interesting question arises from how the dynamicserved around 100 K has been attributed to the interaction
charge stripes interact with the crystal lattice and how theyetween dynamic charge stripes and pinning centers.
transform to static ones. Up to date, the dynamic process of
such a transformation has never been observed experimen-
tally. Recently, a relaxation process in the elastic energy loss
spectrum of La,Sr,CuO, at a measuring frequency of The polycrystalline La,Sr,CuQ, (x=0, 0.03, 0.12, 0.15,
~1 kHz showed that the energy loss peak around 80 K shift€.19 and La gg,Nd,Sry 1 ,CuQ, (y=0.20, 0.30, 0.40, 0.50,
to higher temperature at higher measuring frequency, an@l.60 specimens were synthesized by a standard solid-state
disappears in the overdoped state0.20, identified with the reaction. Stoichiometric amounts of high-purity ,Ca,
scenario of the interaction between disordered dynami®Nd,Os, SrCG;, and CuQ were mixed intimately in an agate
charge stripes and pinning centers induced by Sr dopants.mortar and pestle. The reactants were sintered in air at 900,
With a higher measuring frequen€éy-MHz) than the inter- 950, and 1000 °C, respectively, for 20 h with regrinding be-
nal friction spectroscopy, the ultrasonic attenuation techniquéween firings. Finally, the fired powder were pelleted and
is also a sensitive tool for studying low-energy dynamics offired at temperatures varying from 1050 to 1080 °C for 20 h
the crystal lattice. The technique had been used to study thie flowing oxygen atmosphere according to the doping level
elastic properties extensively for both the bulk and singlex andy.
crystalline materials of high-. superconductivity?>~*” espe- Powder x-ray diffraction measurements were made on the
cially for the relation between superconductivity and struc-MXP18AHF powder x-ray diffractometeMAC Science
tural instability for LSCO systert* Since the charge stripes Co. Ltd., Japan using a high-intensity CuKa (A
tend to produce a structure distortirand the motion of =1.540 56 A radiation. The diffraction patterns indicate that

II. EXPERIMENT

1098-0121/2005/19)/0945035)/$23.00 094503-1 ©2005 The American Physical Society



QU et al. PHYSICAL REVIEW B 71, 094503(2005

L5

1.01 1.8 1.02

25F La, NdSr, CuO, A

188y 0.12

------- p=pprCTexp(-AT)
fitting results

1.00

0.99 mj o g

® VIV(100K) %2

20F 1
ro1f = .
g s AN =030 20 2o 20
- S % al Y {199 8 5
§ 15 £ 100 185 S 163
: S m D= 00 )
g = |r; 7 e 12
Q 1.02 El P y=0.50 ]2.2 . 1.8
1.0 Lol ‘\’.. §o 2 S 20 1.01 1.6
X o s 100 14
0.5 100 = .| = 116 . 12
’ 0 50 100 150 200 0 50 100 150 200
TX) T(K)

0-0 1 1 1 1 1
0 50 100 150 200 250 300

FIG. 2. Temperature dependence of the relative ultrasonic
velocity V/V (100 K) (solid circleg and elastic energy los®™!
TX) (open circles at a measuring frequency of 7 MHz for
Lay ggyNd,Srp 1 CuQ, samplesy=0, 0.20, 0.30, 0.40, 0.50, 0.60
P, and P, denote the energy loss peaks around 70 and 100 K,
respectively.

FIG. 1. Temperature dependence of the resistipifgr LNSCO
(y=0, 0.20, 0.30, 0.40, 0.50, 0.6BetweenTy4<T<300 K fory
=0.3 and T,<T<300 K for y=0, 0.20, the resistivity of the

samples can be well fitted with Moshchalkov’s 1D transport equa- . .
tion (Ref. 23, as shown by dashed lines. LNSCO samples can be well fitted with the 1D transport

equation(dashed lines in Fig.)lproposed by Moshchalkov

. o . and co-worker¥ as follows:
all the samples are crystallized in single phase. The longitu-

dinal ultrasonic attenuation was measured using the digital A
AUW-100 Advanced Ultrasonic WorkstatiaiMatec Instru- p=po+CT exp(— _> ' 3)
ment Companies, USAat temperatures from 20 to 200 K.

LiNbO; transducers were used for the generation of the 7Wherep, is the residual resistiviyC is a system-dependent
and 14-MHz longitudinal ultrasonic. Sound velocity) and ~ constant, andA is the spin gap. Below a temperatufe

elastic energy los€Q™1) were calculated through the follow- (empirically expressed &k =2A) the dynamic stripe corre-

ing relations, respectively? lations are formed. The similar temperature dependence of
the resistivity abovdy indicates that the 1D dynamic-stripe-
V=2L#, (1) dominated charge transport is essentially identical for all the
LNSCO samples. Belowy, the static stripe order develops
Q== In(A,. /A 7ft, (2) with decreasing temperatute! The increase op with de-

) . ) ) creasing temperature discriminates the charge transport of
wherelL is the thickness of the samplé,is measuring fre- o spin-charge-ordered phase from the normal phase of

quency,An,, and A, are the amplitude of successive pulse yrsc. with increasing doping level, the increase of the up
echoes, andis the time difference between them. Resistivity ;i of the resistivity indicates that the static charge stripe

p(T) was measured using a standard four-probe technique gbsomes more stable with higher doping level.
temperatures from 4 to 300 K. All data were collected upon |y captivating but has been seldom studied that how
warming. the dynamic charge stripes evolve and transform to static
ones. To gain insight into the question, we carried out
IIl. RESULTS AND DISCUSSION the systematic ultrasonic attenuation measurements on
Lay ggyNd,Sr 1,CuQ, (y=0, 0.20, 0.30, 0.40, 0.50, 0.50
Figure 1 shows the temperature dependence of the resisystem since both the motion of charge stripes and the for-
tivity of the Lay gg,Nd,Srp 1CuQ, system. With increasing mation of static stripe order are coupled with the crystal lat-
Nd doping levely, the room-temperature resistivity increasestice. The temperature dependences of the sound velocity and
and the superconductivity is suppressed. The superconduche elastic energy loss at a measuring frequency of 7 MHz
ing transition temperaturé, for y=0.3 is below 10 K, as for the series are presented in Fig. 2. Upon cooling from
reported beforg%2! 200 K, there are two energy loss peaks were observed for the
A little jump of the resistivityp for y=0.3 at the doping- system. One is around 70 K fgr=0.3, namedP;, and the
dependent temperaturéy indicates the low-temperature other is around 100 K for all the samples, nanfed As
orthorhombic to low-temperature tetragon@TO-LTT)  shown in Fig. 2, with increasing Nd conter®; becomes
structure phase transition, which is in good agreement witimore and more strong arfé, seems to be ambiguous fgr
previous result$>23 The interest is focused on the different =0.50 and 0.60. Associated with the appearanc®;0énd
influence of Nd doping on the behavior of the resistivity in P,, the sound velocity foy=0.30 shows an anomalous stiff-
LTO and LTT phases. The resistivity above Ty for all  ness below a doping dependence temperature around 70 K,
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FIG. 3. (8 Nd doping dependence of the LTO-LTT transition . . . .
temperatureTy determined by resistivitycircles, temperaturefp, static stripe order is related to the structure transition from

of energy loss peaR, (squaresand Ty determined by sound ve- LTO to LTT phase, since the LTT deformation is regarded as
locity (triangles for LNSCO. (b) Temperature dependence of the & collective pinning potential stabilizing charge stripes, and
relative ultrasonic velocity(V/V(Ty) for LNSCO (y=0.30, 0.40, the onset temperature of static stripe order coincides Wjth
0.50, 0.60. The temperature is normalized T@T,.. (c) Nd doping ~ Thus, the appearance &; symbolizes the formation of
dependence ofp, for LNSCO. (d) Nd doping dependence of the static charge stripes, and the stiffening of the velocity implies
peak intensity ratio oP; andP, in Q! for LNSCO. The solid lines  the evolution of the static stripe order. The increases of the
are guide to the eye. temperature and intensity &, with increasing Nd doping
indicate that the charge stripes were pinned down to static
ones gradually.
. ; Another important result of our ultrasonic attenuation

Figure 3a) shows the Nd-dopl_ng d_ependence of the measurements is the characteristic of the new type of elastic
temperatureTp , the sounql 'velocny stiffening temperature energy loss peakP,. It should be pointed out that for
Ty and the LTO-LTT transition temperatulig measured by | NSCO there was no anomaly observed around 100 K by
resistivity. One can see thap, for y=0.30 samples is well  easuring electric and magnetic properties and structure
consistent withTy which is somewhat higher thaf.. Both  characterizatio=8. Figure 4 shows the energy loss spectrum
Tq and Ty increase monotonously with increasing Nd con-of samples LaggSr 1.CUO,; and La ggNdy 5Sh, 1Cu0, mea-
tent, and show almost the same doping dependence. Figusgred at two different frequencies. It is found tht shifts
3(b) shows the temperature dependence of the relative velogoward high temperature for about 3—4 K for both samples
ity for LNSCO with normalized temperatufi@ Ty Itis clear  with increasing frequency from 7 to 14 MHz. The results
that the anomalous stiffening of the velocity increases withassociated with the step of sound velocity around 100 K
increasing doping level. Th®, temperatureTp, increases demonstrate thaP, should correspond to a thermally acti-
quickly with increasingy for y<<0.4, and changes slowly for vated relaxation process with the activation enekjkg
y>0.4, as shown in Fig.(8). Figure 3d) displays that the about 1800 K in present sampl¢She activation energy for
intensity ratio Q"X(Ty)/ Q‘l(sz) increases monotonically a thermally activated relaxation process can be deduced from
with increasing Nd doping level. the formula Ifw,/ w,) =E/kg(T;*-T,%), whereT, andT, are

It was demonstrated that Nd-doped LSCO undergoes the energy loss peak temperatures under frequenégm
structure phase transition from a space grBupab(LTO1l or  and w,/ 27, respectively®] For y=0.3 (not shown herg it
LTO) to P4,/ncm (LTT) around 70 K with aPccn [low- s difficult to determine the shift oP, precisely due to the
temperature orthorhombic (2TO2)] phase intermediate in a intervention ofP;.
wide doping rangé2>-?’It is proposed that the pedk; ac- Since P, appears foly=0, one can confirm tha®, does
companied with the anomalous sound velocity stiffening,not originate from Nd doping. The interstitial oxygen cannot
which was also observed in Lgs.,Nd Ba, 1,{CuQ, system be the cause oP, either because their mobility is frozen
by another group® can be attributed directly to the LTO- below 140—150 K The maximum of the energy loss at
LTT transition. It was widely acceptéd that in LNSCO 230 K due to the diffusion of the interstitial oxygen in inter-
with carrier concentration near 1/8 the occurrence of thenal friction spectroscopy would shift to a higher tempera-

and fory=0, 0.20, 0.30 and 0.40, the velocity shows small
stiffening and forms a step near 100 K.
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namic charge stripes. In addition, the activation energy
E/kg~ 1800 K is well consistent with that of charge stripes
overcoming pinning centers reported by Cordetaal* In
the simplest picture, irregularities in the ordered pattern of
the octahedral tilts induced by Sr and Nd dopants will be the
pinning centers for the dynamic charge stripes. Although the
charge stripes fluctuate fast far from the pinning centers, the
- - , , process of the stripes overcoming the pinning centers re-
50 1%{) 150 200 quires certain activation energy.From the Arrhenius law
one can deduce that the activation energy is proportional to

FIG. 5. Elastic energy loss spectru@ ™ for Lay, SKLCUO, trjf peak tempera_lture by supposin.g that the frequenpy factor
samples(x=0, 0.03, 0.12, 0.15, 0.19The arrow around 50 K in- 7o~ for the dynamic charge stripes is a constant. The increase
dicates the HTT-LTO structure phase transition Xer0.19. of Tp, in narrow temperature range suggests that the activa-

tion energy increases slightly with increasing Nd content and
ture in ultrasonic attenuation measurements and lie out of thends to be saturated in higher doping level. The character-
temperature window of our experiments. Practically, therdstics of P, and P, related to charge stripes support that the
was no anomaly identified with the diffusion of the intersti- electron-phonon interaction plays an important role in charge
tial oxygen below room temperature in previous ultrasonicordering in the syster#f.3!
attenuation measurements for LSEB4 In summary, we have presented both the resistivity and

To investigate the origin oP, further, we carried out ultrasonic measurements of LNSCO system. The interaction
ultrasonic attenuation measurements at frequency of 7 MHpetween dynamic charge stripes and pinning centers was
on other four La,Sr,CuQ, samples withx=0, 0.03, 0.15, identified by a broad peak around 100 K in elastic energy
and 0.19. As shown in Fig. &, appears forx=0.03 and loss Q% With increasing Nd doping level, the activation
0.15 and such a peak disappearsxei0 and 0.19. In addi- energy of the disordered charge stripes overcoming the pin-
tion, a new energy loss peak observed around 50 Kxfor ning centers increases. Fpe 0.3, associated with the LTO-
=0.19 sample can be contributed to the high-temperature te-TT transition, the dynamic stripes were pinned by the LTT
tragonal to low-temperature orthorhomigldTT-LTO) struc-  structure and developed to static ones. Strong coupling be-
ture phase transitioH. The Sr doping dependence of the in- tween the stripes and the ultrasonic provide evidence that
tensity of P, indicates that it may have something to do with electron-phonon interaction plays an important role in charge
the charge carriers. ordering in cuprates.

An appreciable explanation of the appearance Ryf
comes from the interaction between dynamic charge stripes
and pinning centers. Considering that the charge carriers tend
to be in a uniform metallic state when reaches an over This work was supported by the Chinese National Nature
doped level, the Sr doping dependence of the intensityPef ~ Science Fund and the Ministry of Science and Technology of
shown in Fig. 5 suggests th& should correlate with dy- China.
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