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We use neutron scattering to study the influence of a magnetic field on spin structuresGfQyldOn
cooling from room temperature, M@uQ, goes through a series of antiferromagnéf&) phase transitions
with different noncollinear spin structures. Whilecaaxis aligned magnetic field does not alter the basic
zero-field noncollinear spin structures, a field parallel to the £plane can transform the noncollinear
structure to a collinear oné&'spin-flop” transition, induce magnetic disorder along tleeaxis, and cause
hysteresis in the AF phase transitions. By comparing these results directly to the magnetore§idRince
measurements of Nd7£Cey 0oCuO,, which has essentially the same AF structures agON@y,, we find that
a magnetic-field-induced spin-flop transition, AF phase hysteresis, andcspiis disorder all affect the
transport properties of the material. Our results thus provide direct evidence for the existence of a strong
spin-charge coupling in electron-doped copper oxides.

DOI: 10.1103/PhysRevB.71.054505 PACS nunt®er74.25.Fy, 74.72.3t, 75.25z

[. INTRODUCTION For instance, the parent compounds of hole-doped cu-
prates have collinear AF spin structure, where eact §pin
Understanding the role of magnetism in the transporis aligned opposite to its neighbdtsFor LaCuQ, and
properties and superconductivity of high-transition- La,SKLCuQy in the lightly doped region, the Ctispins in
temperaturghigh-T,) copper oxides remains one of the im- the CuQ planes are sI'ightIy canted from the direction of the
portant unresolved problems in the physics of transitiorStaggered magnetization to form a weak ferromagriéd)
metal oxides. The parent compounds of high-cuprates are r_noment7—9 As a consequence, an applied external magnetic
antiferromagneti¢AF) ordered Mott insulators composed of field can manipulate the AF domain structure %”d induce a
two-dimensional2D) CuG, planes. When holes or electrons 12rge anisotropic magnetoresistan@éR) effect™™ In the
are doped into these planes, the long-range AF ordered phaS@Se Of the parent compounds of electron-doped materials
is destroyed and the copper oxide materials become metallRUch as NgCuO, and PsCuQ,, the magnetic structures are
and superconducting with persistent short-range AF spiffoncollinear, where spins in adjacent Guiayers are 90
correlationg~* While much work over the past decade hasdegrees90) from each othefFig. 1(c)], due to the pseudo-
focused on the interplay between magnetism and supercofiPolar interaction between the rare-eafthNd®" and PF")
ductivity because spin fluctuations may mediate electrond Cd" ions*~** Application of a magnetic field in the
pairing for superconductivity® understanding the relation- CuUQ, planes will induce a “spin-flop” transition by trans-
ship between AF order and transport properties through thforming the noncollinear structure to a collinear dfie*and
metal-insulator transitionéVIT) in these doped copper ox- the critical field(Bsg) depends on the direction of the mag-
ides is interesting in its own right. netic field with the field along the Cu-QBI/[110]) direction
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stripes?* If the transport properties in lightly electron-doped
cuprates are indeed determined by spin reorientations and
not by stripes, one would expect intimate correlations be-
tween the MR effects and spin-flop transitions in other fami-
lies of electron-doped materials. Since JdO, exhibits
three AF phase transitions with different noncollinear spin
structures on cooling from room temperattté>8far more
complicated than the single AF phase transition found in
Pr1 24 80 7C&y 01CUO; (Ref. 19 or Pr gCey 15CUO,* @ com-
bined neutron scattering and MR investigation should shed
new light on the interplay between spin and charge coupling
in the material.
P In this paper, we describe our neutron scattering and MR

P measurements on single crystals of ,8dO, and lightly
y =1 electron-doped Ngdy;:Ce&, 024CuQ,, respectively. For neutron
scattering, we choose to study J)@lO, because of its com-
> plicated AF phase transitiod$While previous work showed
é B=0 that a magnetic field applied parallel to the Guf@lanes
. transforms the spins from the noncollinear to collinear AF
[100] structuret*1° there is no systematic work on how the field-

] . induced collinear spin structure affects the zero-field AF

FIG. 1. Nd,CuGQ, spin structures irfa) type-I/1ll and (b) type-II

noncollinear states, where spins are indicated by the argwg, ~ Phase transitions. We find that application a8 110] field
andZ represent the interactions between Nd-Nd, Nd-Cu, and cu@n inducec-axis spin disorder and hysteresis in the AF
Cu spins, respectively, as defined by Sachidanandaml. (Ref. phase transitions. Since lightly electron-doping the insulating
12). (c) The schematic phase diagram of Gu@anes in different Nd,CuQ, induces enough charge carrier-s to a”_OW transp.ort
phases at zero-fieltbottom row and Beel[110] (top row). Here measurementd but does not change its basic AF spin
only Cu spins are shown for clarity. The filled and unfilled circles structures? we compare the MR . effects in
represent. =0 and 1/2 layers of Cu atoms, respectivaly, T,, and ~ N1 97:C& 0{CUO, to the neutron scattering results on

T represent transition temperatures for the three different noncolNd>CuQ,. Surprisingly, we find that the transport properties
linear phases at zero fieltRef. 11). of Nd; ¢7:Cey 0o4CUO, are very sensitive to the modifications

of spin structures in the system. Our results thus provide

generally having a smalleBs1” A c-axis aligned magnetic further evidence for the existence of a strong spin-charge
field has no effect on the noncollinear spin structtre. coupling in electron-doped copper oxides. The organization

Recently, Lavrovet al!® have reported that an in-plane of this paper is as follows. In Sec. Il we describe the experi-
magnetic field can induce a large MR effect in lightly mental setup for neutron scattering and transport measure-
electron-doped copper oxide 1Rr,La; £ CuQ, (x=0.0D. ments. Our neutron scattering results are presented in Sec. lll
The authors find fourfold-symmetric angular-dependent MRwhile MR transport data are shown in Sec. IV. In Sec. V we
oscillations for Py,d a5 Ce, 1CuQ;, in the low-temperature compare the neutron scattering and transport data. Finally,
nonmetallic regime. Similar data have also been obtained iec. VI summarizes the conclusions of our work.
nonsuperconducting PsCe, ;<CuQ, independently® Since
Pry »d a9 &y 0;CuQ, has a noncollinear spin structure at low Il. EXPERIMENTAL SETUP
temperatures and the critical fields for spin-flop transition
and MR effects are similar, the MR phenomenon in this ma- We grew single crystals of NEGuO, and
terial has been attributed to the spin structure rearrangemehids ¢76C€ 04CUO, by the traveling solvent floating-zone
from the noncollinear to the collinear stdfeFor ac-axis ~method. The samples were grown at a speed of 1 mm/h
aligned magnetic field, the observed negative MR effect irinder 4 atm @ pressure in a sealed quartz tiell the
the normal state of several different electron-doped cuprategyystals are single domain as confirmed by a polarizing light
has been interpreted as a result of two-dimensional weaRlicroscope and Laue x-ray diffraction. The O, single
localization by disorde?! Kondo scattering from Cii spins ~ crystals are cylindrical and have dimensions of about 4 mm

in the CuQ plane?? or spin scattering from field-induced in diameter and 15 mm in length.
magnetic droplets formed around impurités. The neutron scattering measurements onQNiD, were

While these recent MR measurements onperformed on the HB-1 and HB-3 triple-axis spectrometers
Pr, »d-a0 /C& ,CUO, and P gCe, 14CuQ, clearly suggest a  at the high-flux-isotope reactéHFIR), Oak Ridge National
close coupling between spin-flop transition and MR effégts, Laboratory (ORNL). We specify the momentum transfer
the data may also be interpreted as partial rearrangement 6x.0y.0d,) in units of A as (H,K,L)=(q.a/2m,qyb/
magnetic domain walls by magnetic field to allow conduc-27,0,c/2) in reciprocal lattice unitgrlu). The lattice pa-
tivity of electrons along a preferred directiéhin the latter rameters of the tetragonal unit cells of )0, are a=b
case, the magnetic domain walls are segregated by the dope®.944 A andc=12.169 A. To prevent the samples from
charge carriers into inhomogeneous patterns, such astating under the influence of a magnetic field, they were

T<T, T,;<T<T, T2<T<le\B
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Nd,CuQ, is cooled from room temperature To= 275 K, its

rotate back to their original direction to form the type-Ill
phase [see Fig. 1¢)]."® Magnetic structure factors
. . o (|F(1/2,1/2L))) for noncollinear type-I and Il phases at
0 100 200 300 (1/2,1/21) positions are

T(K)
IF(L = odd|? = 32(ye?/2mc®)?
X|feMey+ 2 co$27L2) fygMnd%

1051 E B v Cu spins first order into the noncollinear type-I spin structure
X _2@._ e of Figs. 1a) and Xc). On further cooling toT,= 75 K, the
l. o/11011100] s Cu spins in the adjacent layer rotate by 180° aboutthgis
g | le g from the type-l phase and reorient the system into type-II
© 10 ' , phase[Fig. 1(b)]. Finally below T;~30 K, the Cu spins
R n L

FIG. 2. The temperature dependenceRafRr1og, andRyi;q at
zero field, where the subscripts represent the current directions. The
resistances in all three directions go up rapidly with decreasing
temperature. The inset shows the regular four-points setup. [F(L = even|*=32(ye’/2mc)® x (2al/c)’/[2 +(2aL/c)?]
Throughout the measurement, theaxis of the crystal is always 2
along gtJhe axis of rotation and the magnetic fieldryrotates withi:/] the x |fC”MC”+ 2 cog2mL.2)fnM Nd‘ ’ @)
CuO, (ab) plane. For type-Il noncollinear spin structure, we have

— 2_ 2w 2 2
clamped on solid aluminum brackets and placed inside a 7 [F(L = 0dd|* = 32(ye%2mc’)* x (2aL/c)*/[2 + (2al/c)’]

-T vertical field magnet® For the experiment, we use pyro- X|fcuMcy+ 2 cos2mL2) fgMpgl?

lytic graphite as the monochromator, analyzer, and filters.

The collimations were, proceeding from the reactor to the |F(L = even|? = 32(ye?/2m?)?

detector, 48-40'-sample- 40-120' [full width at half maxi- ).
mum (FWHM)], and the final neutron energy was fixed at X[feMey+ 2 cog27L2)fngMndl (2)

Ef=14.78 meV. The experiments were performed in thewhere ye?/2mc=0.2695x 10712 cm, z=0.35, andfc,, fg.
[H,H,L] scattering plane where the applied vertical field isp.,, and M, are magnetic form factors and ordered mag-
along the[110] direction(BI/[110]) in the CuQ plane. netic moments for Cu and Nd ions, respectively.

For our transport studies we align and cut one From the magnetic structure factor calculations, we find
Nd; o74Ce 0CUO, single crystal into three rectangular that the intensities of AF Bragg peaks at ##e/2,1/2])
blocks, whose typical size wasx31 X 0.5 mn?¥. Using the  positions depend sensitively on the detailed spins arrange-
regular four-points method, as shown in the inset of Fig. 2ment. For example, when N@uQ, is cooled below the spins
the resistance was measured by the ac-transport option ofr@orientation transition temperatufg [Fig. 1(c)], intensity
commercial 14-T physical property measurement systerof the (1/2,1/2,3 peak decreases while that of
(PPMS. The ac currents were chosen along[the0], [110], (1/2,1/2,3 increased! On further cooling to below, the
and[001] directions and the corresponding resistance werscattering at these positions recover to their high temperature
labeled as Rijog, Raig. and R, respectively. Since Vvalues[Figs. 3@ and 3b)]. Gaussian fits to the data show
Nd; ¢74Ce 024CUO, has tetragonal crystal structure, thand that the scattering is resolution limited with the FWHM of
b axes are indistinguishable. As a consequence, a magnef02 rlu for(1/2,1/2,3 (or AL=0.02 rlu. In principle, one
field along the[100] ([110]) direction is equivalent to the should calculate the coherence length of a Bragg peak from

C : the formula ofN-slit grating diffraction?” However, the line
[010] ([110]/[110]) direction. Figure 2 shows the tempera- hape of our observged digraction peaks is well-described by
ture dependence of zero-field resistances in the three higi] Gaussian, equivalent to theslit function in the limit of
symmetry directions.  Similar — tolightly ~doped large N. By Fourier transform of the Gaussian peak, we es-

Pr, od-ay C& 0:CUO,,° resistances in all directions of b o
Nd; g74Ce, 02£CUQ, increase with decreasing temperature anal'mate a_m|n|mum spin-spin coherence length-0530 A
usingCL=[4 In(2)/](c/AL).

show an insulating behavior at low temperatures. In addition, —

the resistivity data show no obvious indication of the influ- When a 5-T magnetic field is applied along g 1,0]

ence of AF phase transitions. Since N@Ce, 0,{CuQ, is  direction, the noncollinear spin structures at different tem-

only slightly doped away from N&uQ,, it is reasonable to peratures are transformed into collinear spin struct[fFeg

assume that these two systems have similar spin structurdéc)]. In phases | and 11(1/2,1/2] =odd peaks vanish

and AF phase transitiorts. while (1/2,1/2 L =evern) are enhanced with magnetic struc-
ture factors as

|F.(L = even|? = 64(ye?/2mc)? X (2al/c)?/[2 + (2al/c)?]
X |feMeu+ 2 cog2mLD) fygMng®.  (3)

Ill. NEUTRON SCATTERING RESULTS

Before describing our results on the influence of an in-
plane magnetic field on the magnetic order of,8dO,, we  For phase |IlI, (1/2,1/2 L =even peaks vanish while
briefly review its zero-field spin structuré$!® When (1/2,1/2L=o0dd reflections change as
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FIG. 3. Typical neutron scattering results arouyid2,1/2,1 W 2
and(1/2,1/2,2 Bragg peaks in th€a),(b) B=0 spin noncollinear /L . 1
and(c),(d) B=5T sg% pcoIIinear states. We prc?bed the magnetic bsae o7 f’f:j‘_’u?'; 7 awsosTed
Bragg peaks at 15, 40, and 80 K in type-lll, I, and | phases, re-
spectively. All peaks are fit by Gaussians on sloped backgrounds as F|G. 4. (a) The in-plane[H,H, 1] scans acros&L/2,1/2,7 in
shown by the solid lines(e) The temperature dependence of the two different processes at 40 K. The schematic diagrams of pro-
integrated intensities d1/2,1/2,3 and(1/2,1/2,2 positions at  cessesa andb are shown in the insetb) The long[1/2,1/2]
B=5T. The type-lil to Il and type-II to | collinear phase transitions scan in procesa, whereL changes from 0.8 to 5.2 rlu. Only three

are around 30 and 70 K, respectively. resolution-limited peaks are found aroubd 1, 3, and 5(c) Same
scans asgb), but through proceds. Note that the_-widths of these
IF(L = odo)|2: 64(ye?/2mc2)? peaks become considerably broader. The temperature and field in

5 (b) are identical as that df), i.e., T=40 K andB=5 T. However,
X|feMcy+ 2 co$27L2)fygMngl®. (4)  the processes of applying field are different, as shown in the inset of

) ] ] (8. The peaks inb) and(c) are fitted by Gaussians and Lorentz-
Figures &c) and 3d) confirm that(1/2,1/2,3 is enhanced jans, respectively.

while (1/2,1/2,3 vanishes after spin-flop transition. Figure o .

3(e) shows the integrated intensities at #162,1/2,9 and ~ Gaussian line shape, the peaks are LorentZigesOrnstein-
(1/2,1/2,2 positions as a function of increasing tempera-zem'ke_ form _W'th much bfo_adef widths but the same inte-
ture after a 5-T magnetic field is applied at 15 K to inducegrated intensities as those in Figbjt For example, while

the type-llIl collinear stat¢Fig. 1(c)]. From the temperature the FWHM of the(1/2,1/2,3 peak increases to 0.046 rlu

: . . P
dependence of their intensities, it is clear that spin-flop tranfrom 0.02, its peak intensity also drops b¥50%[Figs. 4b)

sitions occur between the three collinear states at simil and 40)]. These observations suggest that thaxis spin-
" u W Cotl > Ia§pin correlation function decays exponentially with a much
temperatures as that of the zero-field AF phase trans&?ons.shorter coherence lengfh-84 A using 1k wherex is half-

t Tot testdwhetrgjer thethfleld—lndugedf. tB{ger;” tcollln'ear SPIN idth at half maximum in A® of the Lorentzian in Fig. @)]
? fuc uret epenas on te nt]i%n; Ic t\'; ys e\r/\e/&;;_, vtve p?ﬁ processh. Since the only difference between the type-lll
orm neutron expenments a IN o ways. YWe 1IrSt Co0lang 11 collinear states is the 180° spins rotation in adjacent

the_sample at zero-field to 40 K and then increase the, o oirig 1(c)], the short spin-spin coherence length in Fig.
BI[110] field to 5 T as sketched in the inset of Figa#  4(c) suggests the presence ot-axis spin disorder. On the
(processa). The [1/2,1/2]] scan from 0.8<L<5.2rlu  other hand, in-plane scans along fé,H,L] (L=1, 3, §
shows resolution-limited peaks arouhd=1, 3, and 5 as direction only show slight broadening when field is applied
shown in Fig. 4b). Since thg1/2,1/2,1 peak has a Gauss- at low temperature in process[Fig. 4@a)], thus suggesting
ian line shape with FWHM of 0.02 rlu along thedirection,  most of the spin disorder occurs along thaxis.

we estimate that the-axis magnetic coherence length is  To further investigate how hysteresis in application of a
around 530 A. Now, if we applied the 5-T field at 15 K and magnetic field can affect the spin arrangements ipQNID;,
then increased the temperature to 40(Brocessb), the  we studied itsc-axis coherence lengths in all three collinear
(1/2,1/2]) (L=0dd peaks remain but with much different phases shown in Fig.(d). There are three different ways to
line shape[Fig. 4(c)]. Instead of having resolution-limited reach the expected temperature and field of 40 K and 5 T in
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FIG. 5. Magnetic field hysteresis effects on AF spin structures of FIG. 6. The field dependenpg @ int_egrated i_ntensities and)
Nd,CuO, in all three phasesi@) (1/2,1/2,1 Bragg position in FWHMs_ at the(_1/2,1/2,]) position during t_wo different processes
phase Il andb) and (¢) (1/2,1/2,3 position in phase | and Ill, shown in the inset ofa). The error bars in@) are obtained by

respectively. The corresponding processes of field and temperatu?@k'ng the square root of total summed intensitykscans.
are shown in the inset of each figure.
tween two different collinear states except for the transition

the type-Il collinear spin phase, which are labeledaas, 1O type-ll to ll.

andc in the inset of Fig. &). Processea andb are the same Figure 6 shows the magnetic field dependence of the
as Fig. 4 and processinvolves getting to 80 K in zero field, (1/2,1/2,3 peak atT=40 K under different conditions.
applying the 5-T field, and then cooling the sample to 40 K.When aBI[110] field is applied from the zero-field noncol-
In other words, the spin system changes from the noncolinear type-Il state at 40 Kprocessa in the inset of Fig.
linear state to the collinear state and remains in type-1l col6(a)], a noncollinear to collinear spin-flop transition occurs
linear spin phase during proceaswhereas the system un- around 1 T, and the FWHM of the peak does not change
dergoes phase transitions from type-lll and type-I collinearduring the procesfFigs. §a) and @b)]. This suggests that
states to type-Il collinear state in procesbeandc, respec- the entire AF structure responds to the influence of the ap-
tively [Fig. 1(c)]. plied field. If we warm to 40 K using processshown in the

By comparing thé1/2,1/2, 1 data of Fig. 4 in processes inset of Fig. a), the(1/2,1/2,1 peak has a broad FWHM
a and b with that of c in Fig. 5a), it becomes clear that along thec axis but with the same integrated intensity as
processed and c have considerably broader widths. This processa. As a function of decreasing magnetic field at
means thab andc processes induce largeaxis spins dis- 40 K, the FWHM of(1/2,1/2]) atL=1 decreases continu-
order and the amount of disorder depends on the history ausly until reaching the value of processThis suggests that
field application. When the system is in type-l phase at 80 KJong-rangec-axis spin coherence length is restored in the
the collinear spin phase can be induced either by simplyrocess.
applying a field at 80 Kprocess: in the inset of Fig. B)], Because the spin disorder is related to the phase transi-
or by having a type-Il collinear phase at 40 K and then in-tions under field, it is natural to ask what happens to the
creasing the temperature to 80[ldrocessa in the inset of transition itself under different conditions. Here, we use two
Fig. 5(b)]. Clearly, thef1/2,1/2 L] (L=2) scans in Fig. f) ways to pass the type-Il to type-Ill phase transition, and label
show a resolution-limited Gaussian pealcibut a two com- them as processes and d in the inset of Fig. 7). We
ponents line shape with a sharp Gaussian peak on a broadrefully monitor the(1/2,1/2,2 peak as the system pass-
Lorentzian background in proceasThese results again sug- ing the transition under different conditions. At each mea-
gest that magnetic field hysteresis affects mostly the spisured temperature, we wait 10—15 min to ensure that the
arrangements along theaxis. Finally, when temperature is peak intensity has no time dependence and the outcome of
in the type-lll collinear phase at 15 K, we find no obvious the experiment is summarized in Fig. 7. Surprisingly, there is
difference between the two processes in the inset of Figa clear hysteresis in the phase transition behavior, i.e., the
5(c): one of which is applying field at 40 K and then decreas-transition temperature of procebss about 2 K higher than
ing the temperature to 15 Kprocessa), and the other is that of process.
applying the field at 15 K directlfprocessb). Therefore To understand how this hysteresis occurs, we decreased
spin disorder appears whenever phase transition occurs bthe temperature following proceds, i.e., we probe the
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T(K) different temperatures aroun@) 30 K and (b) 70 K. Note that

these temperatures are closeTtoandT,, respectively. The applied
FIG. 7. The integrated intensities Gf/2,1/2,3, which shows  magnetic field is in the CuQab-plane along thé110] direction.
temperature hysteresis across the transi@retween type-Il and  The arrows in(a) indicate the temperature dependencegf. The
Il phases, andb) between type-I and Il phases. The arrows in the jget in(b) plots the maximum ofAR./R,(0) as a function of in-

figures indicate the direction of changing temperatures. The inselgreasing temperature. It showsTLibehavior. Note that the vertical
show the detailed processes of field-temperature hysteresis. axes are log scale ife) and linear scale irtb).

(1/2,1/2,2 peak in procesd afterb. Figure 7a) indicates
that the transition temperatures of procesaeand d are IV. MAGNETORESISTANCE RESULTS
identical. While this suggests that spin disorder itself may In the work of Lavrov and co-workers on

not induce the lower transition temperature in decreasin 19 L "
temperature processes, the observed hysteresis must be a%e{%._zd-ao.ﬁ%olCth the similarities between the critical

ciated with the field-induced collinear spin structures an d for the spin-flop transition and the rapid increase of MR

their free-energy differences in different phases. Similar hys:'2€ been taken as evidence for spin-charge coupling. Be-
teresis behavior can also be found for the transition betweef@USe there exists three spin phases inQUd, whereas
collinear type-Il and | phaseFig. 7(b)]. In this case, the ©Nly one in Pad 8 Ce 0,Cu0,, one would expect some
integrated intensities of1/2,1/2,1 during process are  NeW phenomena r«_alated to those phases_and the transitions
much smaller than those during processelow 70 K, while ~ Petween them. Figure 8 shows theaxis MR effect

the intensities 0f1/2,1/2,2 remain zero thus ruling out a ARc/R:(0) of Nd; g7:Ce 0o:CUO, at different temperatures.
possible mixture of the two phases. As a function of increasing field along th&10] direction,

In previous work on RCu0Q,,? which has a noncollinear R /R,(0) initially increases quickly but then descends
type-I/l1l spin structureFig. 1(a)],* diffuse scattering asso- glightly. The increase in the critical field for spin-flop transi-
ciated _W|th mterplgne shqr_t—range order was observed abovtqnon, Bsp With increasing temperature fdaF below 30 K is
the spin-flop transition critical field3.1 T) around the for-  gnsistent with earlier neutron scattering experiments on
bidden AF position(1/2,1/2,3 at T=1.5 K. Since similar  Ng,cu0, 14 The increase oBsg with increasing temperature
diffuse scattering was not ot_)served aro@dZ,l/_Z,a, the  ends abov@,=31 K, where the type-Ill to type-Il spin-flop
authprs suggest tha’g the diffuse scattering arises from thgansition occurdFig. 8a)]. Compared with the results on
persistent midrange interplane correlatiéhi&or Nd,CuQ,, Pr, »d-80 C6.0,CUO,, 10 the data suggest that the changes in
we find no evidence for similar short-range order spin orderMR' effect originate ’from the differences Bk in three dif-

at (1./2’.1/2'1) (Figs. 2-5. Insteqql, we find cI_ear ewdepcg ferent spin phases. Below 30 Bgr increases slightly with
for field-induced AF phase transition hysteresis and spin d'ancreasing temperature. It then decreases with increasing

order. If the spin degree of freedom is strongly coupled to th :
charge carriers, one would expect to observe changes in eleéa_mperature beyond 30 K. Finally, when the system changes

trical transport properties uniquely associated with field—to type-I phase above 67 K, the sharp increasg6R:(0) at

induced spin disorder and hysteresis in these materials. I?}?W fields almost disappears, and aR./R:(0) data nearly
performing systematic MR measurements in lightly dopedall into one curve[Fig. 8b)]. Similar phenomena are also
Nd; g7:Ce 2:CUO,, Which have essentially the same AF found for Ri116/Ri116(0) andRyioq/Ri100(0). The tempera-
structure as NgCuQ, but with enough charge carriers for ture dependence of the maximum &R;/R:(0) is shown in
resistance measurements, we can directly compare the traribe inset of Fig. &), which can be fit by the II function
port data with neutron scattering results. The following secsimilar to low temperature intensity changes in,RdO,
tion will describe such a comparison. (Ref. 18) and Nd gCe&) ;4CuU0,.%°
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the field”1%1f an applied field is less than 1 T, there is no
spin-flop transition at any field orientation and thus no MR
effect, consistent with Figs.(8 and 9a). When an applied
field (2 T<B=<6 T) is larger tharBgd 110] but smaller than
BsHd 100], one would expect to observe a spin-flop transition,

and therefore the MR effect, for fields along {He.0]/[110]
direction but not along th¢100]/[010] direction. This is
exactly what we find in Fig. @. Finally for B=Bgd 100,
the aligned collinear spins will simply follow the rotation of
the field in all directions. Here the magnitude of the MR
effect for BI[100]/[010] is larger than that for

BI[110]/[110], therefore causing a new fourfold MR oscil-

lation with 90° angles to shift from that iBs{110]<B
<Bgd100].

As the temperature of the system is increased to 35 K in
the type-ll phase, the magnitude ddsd110] becomes
smaller than that at 20 K%1519This explains the observed

% 0 e 120 10 240 fourfold MR oscillations in Fig. &) at 1 T, while similar
Degree oscillations are only seen for fields above 2 T at 2QF4g.
9(a)]. On increasing the applied field from 1 T, the oscilla-
FIG. 9. Angular dependence &1 at (@ T=20 K in type-lll  tions change from a sinusoidal shape to a flattish con-

phase andb) T=35 K in type-Il phase, whergl10] indicates the  cave top but the symmetry of the oscillations as a function
current direction. The horizontal axes represent the afigl(de- of rotational ang|e remains even up to the maximum field of
greeg between the magnetic field and ther b axis which cannot 14 T. The data are clearly different from that at 20 K for
be distinguished for the tetragonal system.l Note that data)iat fields above 6 T, where MR effects are maximal along the
1T show a n_onobservable MR effect while there are clear MR[lOO]/[OlO] directions forB=6 T. To consistently interpret
effects at 1 T in(b). the MR data of Figs. @ and 9b), we speculate that

In previous work, a fourfold angular oscillation in MR Bsd 100 is larger than the maximum applied field of 14 T

effect has been identified in Prlay Cey o,CUO, (Ref. 19) around 30 K. While this scenario is difficult to prove because
and P¥ gCey 1:CUO, (Ref. 20) for an apblied magnetic field neutron expenmen@s in thBII[lOOj/[OlO] geometry have

in the CuQ plane. For lightly doped Ng7:Cey g2:CuO,, we MOt et beep carried out at this temperq&?rea Iqrge
expect to observe similar fourfold oscillation behavior. In (>4.5 MeV in-plane spin-wave gap associated with the
addition, we hope to determine whether transitions acrosd**-CL#* interactions has been reported in the type-Il phase
different spin phases affect the MR. To study the angulaPf Nd:CuO,.*° If closing such a spin-wave gap is required to
dependence of resistance, we rotated the sample with respdggluce the spin-flop transition in th([100]/[010] geom-

to thec axis which remained perpendicular to the magneticetry, the critical field necessary to produce Zeeman energy
field, i.e., the field rotated within thab-plane. The rotation larger than 4.5 meV will exceed 14 T assuming only*Cu
angle is defined to be zero whéil[100]/[010]. As shown contributions[see Eq(2)]. Alternatively, one might imagine

in Fig. 9(a), a fourfold feature iR, similar to the earlier that the bigger low-temperature MR effect in the
results is found as a function of the rotation angle. WhileB/[100/[010] direction is somehow related to the larger

T . Nd®* moments and/or the first order nature of the spin-flop
Ri19 along the[1101/[110] direction is much higher than ., ciiion in this direction®2°While how MR s affected by

that along the{lOO]/[OlQ] dir.ection at low fields, the situa- ho NF*-CL2* coupling is unknown, a small misalignment of
tion reverses itself at high fields. . the sample with respect to the magnet aro{ib@0]/[010]
Assuming a strong spin-charge coupling, one can undefgjrections can affect dramatically the observed MR. Such
stand the microscopic process of the MR effect as followsyisalignment may also explain the slightly different MR val-
When an in-plane magnetic field is applied along the,eg 4t 45° and 135° in Fig.(I9). We note that similar, but
[110]/[110] direction, spins in the type-lll noncollinear less obvious, behavior is also present in Figa)%nd in
structure of Fig. (c) rotate continuously to form the collin- previously reported MR dat&:°
ear structure perpendicular to the fiéfdwhile these diago- Figure 1@a) shows the angular dependenceRyfy at
nal (Cu-Cy directions are easy axes in the collinear spin20 K and 10 T. WhileR;4¢ has fourfold oscillations similar
structure with relatively smalBsd 110], a perfectly aligned to that of Ry;;q at the same temperatufgig. (a)], the MR
field along the[100]/[010] direction induces a first-order differences between 45° and 135° are more obvious. With
spin-flop transition with a much larger critical field increasing temperature, the fourfold oscillations are replaced
Bsd 10017 For a magnetic field in the intermediate direc- by a square-wavelike featufEig. 10b)] similar to Fig. 9b).
tions, it first induces a transition into the collinear state andNote that our neutron scattering revealed a clear hysteresis
then smoothly rotates the spins to positions perpendicular tthrough the type-lll to type-II collinear phase transitidfig.
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FIG. 10. (@ Angular dependence dRjoq at 20 K and 10 T. L ) )
While we still observe the fourfold feature, the MR effects do not FIG. 11. (8 Ry~R, during increasing and decre_a_smg tempera-
have the expected 90° symmetry. Although the effect could be afi'® Processes, as shown by the arrows. The positions 1 and 2 are
intrinsic property of the material, we speculate that this is due to th&€fined in the inset ofa). With increasing field, the widths of hys-
small misalignment of the sample with respect to the applied field €"eSiS become largefb) Rinc—Rgeo the differences between in-

(b) Hysteresis behavior dR;;oq around the transition between the creasing and d(_ecreasmg temperature processes at positions 1 and 2
type-1l and Il phases at 5 T. At each measured temperature, a co'® plotted by lines and symbols, respectively.

stant has been subtracted from the resistance values in proeesses _. I d ibe th .
andb for clarity. The solid and dotted lines represent increasing Finally, we describe the transport measurements associ-

and decreasin(g) temperatures, respectively, as shown in the inset@t€d with thec-axis disorder seen by neutron scattering. Fol-
lowing the same processes as the inset in Hig), e have

7(a)]. To see if MR follows such hysteresis, we performedMeasured the resistance of INGKCe oo{CUQ, in three dif-
careful measurements on field-warming and cooling as prof€rent current directionsi}1og, Ri119, @nd R.. For the in-
cessed anda, respectivelysee the inset of Fig. 10)]. The  plane resistances, we find no distinguishable difference be-
outcome in Fig. 1(b) shows clear hysteresis across the typetween Rioq and Ryiq after waiting 1 h for each
1l to type-Il transition, consistent with the neutron scatteringmeasurement. The resultsRfog at 34 Kand 5 T in Fig. 12
results of Fig. 7. In addition, we find that the relative value ofshow overlapping curves for processesipb, andd. On the
Ri10q shifts 90° across the transition, suggesting that the MRbther handR, displays clear distinctions among the varying
effects are sensitive to the differences in the type-lll andorocesses as shown in Fig. 12. Since the resulting differences
type-Il collinear spin structurelg=ig. 1(c)]. If we define the in Ryoq for processes, b, andd are less than & 1075, we
resistance at 135° position B and 225° aR};, R, is larger
than R; in the type-lll collinear phase while the reverse is
true in the type-Il collinear phase.

Using the resistance difference between positions 1 and 2,
we probe the phase transition between type-Ill and type-lI|

21.25

21.20

collinear states in great detail. If there is no field-induced 2e

=)

hysteresisR,—R; should be the same for either warming or < 2110 T=34K B=5T g
cooling. Figure 1(a) indicates that this is not the case. On o« «
warming, the type-IIl collinear to type-II collinear transition U | [P—

temperature increases with increasing field. On the contrary,

the type-Il to Ill transition temperature decreases with in- 21.00

creasing field on cooling. As a consequence, the width of the
hysteresis increases with increasing field and can be as large
as ~15 K at 14 T[Fig. 11(@)]. At 5T, the width of the

ol

100
Degree

200

300

3200

3195

hysteresis is about 2 to 3 K, completely consistent with the FIG. 12. Angular dependence Bf;oq andR. at 34 K and 5 T

neutron scattering results of Fig. 7. Figure(lshows the

through processes, b, andd similar to that defined in Fig. (8),

differences in resistance at positions 1 and 2 between inexcept in this case the final temperature was fixed at 34 K. Process
creasing and decreasing temperature processes for variodsioes not cross the phase transition temperature, and therefore
applied fields. The results also suggest an increasing hystetees not exhibit disorder. Procesdesand d have spin disorder.
esis in the phase transition with increasing magnetic fieldsyhile clear differences are seen Ry, there are no observable

consistent with Fig. 1&).
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can safely conclude that the observed deviatiorf&.iamong  detailed microscopic understanding of how such coupling
these processes are intrinsic and may originate from the spimccurs is still lackind? If the itinerant electrons are coupled
disorder along the axis. More work is needed to understand to the localized spins directly, one would expect to observe
the precise relationship between spin disorder and chargbeir signatures in the zero-field resistance when
transport properties. Pr; od ag 2Cey 0:CUO, and Pi g=Cey 1:CuQ, order
antiferromagnetically??® and when different noncollinear
V. DISCUSSION spin phase transitions occur in NgCe, 0,:Cu0, (Fig. 2).

Until now, the most successful theory to understand thdlowever, AF order appears to have no dramatic effects on
spin properties of NgCuQ, is based on pseudodipolar inter- Zero-field resistance. Instead, the maximum\&t/R.(0) in

action (PDI) originally proposed by Van Vleck in 1937, Nd; 97:4Ce 024CUO, shows a 1T temperature dependence
L [inset of Fig. &b)], very similar to the 1T temperature de-
Vpa= =S VIR 0)(SpR o) (SR 1), (5) pendence of the Nd moment in various Nd-containing

Nd,_,Ce,CuQ, compounds?14151829Thjs strongly suggests
that the observed MR effects in Ngh<Ce, 5,:CuQ, and other
where¢ and ¢’ denote the lattice sites and the funct(R)  electron-doped materials are somehow related to the rare
decreases faster th&® asR— . To explain the reorienta- earth (Nd, Py moments and/or N&r)-Cu coupling. This
tion of the spin structure, Sachidanandetral 2 considered  picture may also explain why, when the dominant spin-spin
three major interplane interactions between Nd-Nd, Nd-Cuinteractions are from Cu-Cu with negligible Nd moments in
and Cu-Cu, labeled as, Y, andZ, respectively, in Fig. ().  the type-I collinear phaser > 68 K), the weak MR data are
The interactionsX and Z tend to generate the type-lll or | essentially temperature independent and collapse onto a
spin structures, whiler' prefers type-Il phase. The interac- single curveFig. 8(b)].
tions between spins are proportional to their local suscepti- To compare our results with hole-doped materials, we
bilities (m). Sincemyg is proportional to 1T (Ref. 12 and  note that large anisotropic MR effects have already been
Mc, Vvaries little below 40 Kt Xoc1/T2, Yo1/T, and Z  reported for lightly doped La,SrCuO, (Ref. 10 and
~const. With decreasing temperature, Cu-(@) interac-  YBa,Cu;04.,.>>**These results have been interpreted as due
tions initially turn on belowT; and NgCuQ, orders antifer-  to the influence of an applied magnetic field on striffed;33
romagnetically with the type-I spin structufBig. 1(@]. On  spin-orbital coupling® redistribution of magnetoelastic anti-
cooling to intermediate temperatufig, Nd-Cu (Y) interac-  ferromagnetic domain®, or canted AF spin structuré$At
tions become important and the system transforms to thpresent, there is no consensus on a microscopic picture for
type-ll noncollinear spin structure. Finally belofs, Nd  the MR effects in hole-doped copper oxides and more work
-Nd (X) interactions dominate and induce the type-Ill non-is needed to test the predictions of different models. How-
collinear spin structuréFig. 1). ever, regardless of the details for each model, what is clear is
The noncollinear spin structures of pdelO, have a small  that transport properties of electron- or hole-doped copper
spin-wave anisotropy gap, at zero field> When an in-  oxides are closely related to the AF order in these materials.
plane field is applied, the Zeeman energy shifts the spin-
wave dispersi(_)n and closes the gnisotropy energy gap, result- VI. CONCLUSIONS
ing in a transition from noncollinear to collinear spin-flop
phase. Petitgranet al'® have given the critical field of spin- In summary, we have shown that the spin-flop transition
flop transition when the field is along th#10] direction, from a noncollinear to collinear state in a lightly electron-
doped copper oxide affects both the in-plane and out-of-
B F[Tlo] _ Ay ©6) plane MR. The application of an in-plane magnetic field can
S gmug’ induce c-axis spin disorder and hysteresis in the AF phase
] ) ) S transitions. By comparing neutron scattering results of
where A, is the in-plane spin-wave gap at zero fietdjs Nd,CuO, with the MR effects in Nglg7eCey 02:CUO,, We
Landau factorm the effective moment, angig the Bohr  ghqy that the transport properties of these materials are very
magneton. This equation has been successfully used t0 eXgpsitive to the subtle changes in the spin structures. Our
plain the temperature dependence d&sd110] for  results thus provide further evidence for the existence of a
Pr,CuQ,.*® For Nd,CuQ,, the in-plane Cu spin-wave gap has strong spin-charge coupling in both electron and hole doped
a 1/T dependence and the out-of-plane gap is essentiallgopper oxides.
temperature independefitin addition, Nd spin waves ex-
hibit anisotropic gaps at low temperatufésSince an applied
field of a few Tesla in the CuPwill not change the large
(>5meV) Cu spin-wave gap in type-lll phase below We would like thank Yoichi Ando and Hai-hu Wen for
30 K20 the spin-flop transition there is most likely induced helpful discussions. This work is supported by the U.S. NSF
by closing the Nd spin-wave gap. DMR-0139882, DOE No. DE-AC05-000R22725 with UT/
The existence of a spin-charge coupling has been sud@attelle, LLC., and by NSF of China under Contract No.
gested in lightly electron-doped Plag e, o:CuQ,, buta  10128408.
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