RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 220401R) (2004

Chemical control of spin chirality in (Nd;_,Dy,),M0,0-

S. Iguchi! D. Hashimotd! Y. Taguchi? and Y. Tokurd34
IDepartment of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
2Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
3Spin Superstructure Project (SSS), ERATO, Japan Science and Technology Corporation (JST), Tsukuba 305-8562, Japan
“Correlated Electron Research Center (CERC), National Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba 305-8562, Japan
(Received 19 February 2004; published 7 June 2004

Magnetization and Hall resistivity have been investigated for single crystals of Dy-dopgdodd,;. A
sharp decrease of the Hall resistivity upon a metamagnetic transition, perhaps associated with magnetic-field
(H) induced flop of DYy* moments, has been observed in the Dy-doped crystals onlyIfick11] direction. In
addition, the sign of the Hall resistivity at a high field, both Ff[100] and forH|I[111], changes with the Dy
doping. These results are explained in terms of the sign change of Mo spin chirality that is controlled by the
Dy** moments with a different sign dd interaction from the N& moments.
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Transport properties in strongly correlated systems arenechanism of anomalous Hall effect. In this communication,
largely affected by the configuration of spin background.we fully exploit the fact that the spin chirality of the Mo
Typical example is colossal magnetoresistance phenomena $iystem is controlled by the moment of rare earth species, and
manganites, where magnitude of transfer interaction, andreport on the variation of the Hall resistivity with the partial
hence longitudinal conductivity, is controlled by the degreeDy-substitution on the Nd site. The Bywith strong Ising
of ferromagnetic spin correlatighRecently, it has been anisotropy*—*has a larger momerit=10ug) than the N&*
argued-® that nontrivial spin texture can give rise to quantal (=2.3ug), and hence, is more amenable to an applied field.
phase of the electron transfer interaction, and that the phasEyen more important is the fact that the Dy-Mo interaction is
which acts as a fictitious magnetic field, manifests itself agerromagnetic as opposed to antiferromagnetic Nd-Mo inter-
transverse conductivity. Experimental evidences for thisaction, as we will see. Therefore, Mo spins near the Dy mo-
mechanism of anomalous Hall effe@erry phase mecha- ments are tilted in a different way from the undoped sample,
nism) have been accumulated for various kinds of oxidewhich enables us to chemically control the spin chirality re-
materials”* Among them, unconventional behaviors, suchlated phenomena in terms of Dy doping into JNtb,O;.
as temperature variation and anisotropic magnetic field de- All the samples used in this study were single crystals
pendence, of the anomalous Hall effect in,Nid,O; with prepared by a floating-zone method in Ar atmosphere. Pow-
pyrochlore structue'>'?are considered as strong evidencesder x-ray diffraction measurements indicated that the
for the Berry phase mechanism of anomalous Hall effectsamples were of single phase. Hall resistivity and magneti-
although they are not interpreted as such in some literafure.zation measurements were done on the same sample for each

The unique behaviors of the anomalous Hall effect inDy concentration and sample orientation. The Hall resistivity
Nd,Mo,0; arise from the complex magnetic strucfiifére-  was measured by using the conventional four-probe method.
alized on that particular pyrochlore lattice. The lattice con-We extracted the odd component of Hall voltage with respect
sists of two sublattices of the Nd and Mo site, both of whichto the reversal of field direction in order to eliminate the
form corner-sharing networks of tetrahedra. One sublattice iongitudinal voltage drop due to the asymmetry of Hall volt-
obtained by displacing the other one by half a lattice constarage probes.
along a crystallographic axis. The localized Nd moment has In Figs. Xa-1(c), we show the magnetization process
Ising-like anisotropy along the locél11) axis which differs  (field-decreasing runof (Nd;_,Dy,),M0,0; with x=0 (at
from site to site, and the anisotropy of the Nd moment sys1.6 K), x=0.2 andx=0.35 (at 2 K), whose Curie tempera-
tem is transmitted viéi—d interaction to the Mo spin system, tures determined from alternating current susceptibility mea-
with which conduction electrons interact via Hund’s-rule surements are 89, 80, and 76 K, respectively. The results of
coupling. Sign reversal of the Hall resistivity at high fields the undopedx=0) sample were reproduced from Ref. 11.
applied along thg111] direction is explainett in terms of  Applied field directions are alonfl0Q] (broken lineg and
field-induced flipping of Nd moments and consequent sigrf111] (closed lines The magnetization due to the Mo spin
change of fictitious magnetic field that penetrates a Mo tetsystem in  this temperature range is about
rahedron. On the other hand, a rather conventional behavidr.4ug/(Nd,Dy)MoO; 5° and is indicated by a horizontal
of anomalous Hall effect in GMo,0; is ascribedf to the  dotted line. The magnetization process of ¥ crystal can
isotropic nature of G moment without orbital angular mo- be viewed! as gradual flipping process of Nd moments that
mentum, and to the resultant absence of spin chirality in thare coupled antiferromagnetically with Mo spins at zero
Mo spin system. Therefore, the anisotropy of the magnetidield. The partial substitution of Dy moments produces an
moment of the rare earth ion is a key ingredient in thisalmost parallel shift of the magnetization curves toward

0163-1829/2004/622)/2204014)/$22.50 69220401-1 ©2004 The American Physical Society



RAPID COMMUNICATIONS

S. IGUCHI, D. HASHIMOTO, Y. TAGUCHI AND Y. TOKURA PHYSICAL REVIEW B69, 220401R) (2004

5 e .(.Nd.l"(]?}."‘.)ZMOF(.)Y S 5 (Nd;. Dy, ),M0,0,

) T T ) T T o T T @ T . ; . T
£ =0.00 + =020 + x=035 i —o— H //[100] H=14T _..ov]
dr——pg ] e Lo

4 Y. Taguchi eral. T

3 -
HIITI00] o cwdb,

Magnetization (45 / Mo)

Magnetization (¢ / Mo)

(b) t T i T

z H / [100] r=2K
&)
- b C:(l /
® 2
[ =0.00 T £=020 T x=035 2
H T T 2
\ ; 7
L ‘\ Y. Taguchi etal. | NZ). _
gl \ L L
G T=16K A = H Jj/[111]
EN R TN r-2K T | H=14T
? _2 L 1 ! 1 ! 1 L
£ \, ! 0 0.1 02 03 04
Z l N \H /ooy | Dy doping x

FIG. 2. Dy doping(x) dependence ofa) magnetization at 2 K
and at 0 and 14 T, an¢b) Hall resistivity @ 2 K and 14 T for
(Nd;_,Dy,)>M0,0; with HII[100] andHII[111] geometries. Dotted
Og' SN PRI NI EFIFI S B lines are thex dependence at O T calculated by assuming that the
moment of the doped Dy points the opposite direction to the origi-
nal Nd moment on the same site, as exemplifie¢bjp(e) and (n)
of Fig. 4. Dashed lines are for the high-field case calculated by
assuming that all the Dy and Nd moments are aligned, while keep-
ing the Ising anisotropy, toward thé direction, as shown in the
right-most column(h)—(1), (o), and(p) in Fig. 4.

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

FIG. 1. Magnetic field dependence @)—c) magnetization and
(dy«f) Hall resistivity of (Nd;_,Dy,),M0,0; crystals withx=0,
0.2, and 0.35 for the magnetic-fiel¢H) directions,H|[[100] and
HII[111]. Arrows in (b),(c) and (e),(f) indicate the position of the
metamagnetic anomaly. A horizontal broken line(&c) repre-  change wherH|[[111], while gradually approaching zero for
sents the contribution to the total magnetization from the Mo sping||[100]. This behavior is in accord with the prediction by
alone. Magnetization and Hall resistivity data (@ and (d) are  the Berry phase theory, and has been interptétaderms of
reproduced from Ref. 11. field-induced sign reversal of the Mo spin chirality. Tke

_ _ ) =0.2 Dy-doped crystal also exhibits a similar feature with
higher values. The Dy moments in the pyrochlore lattice argne y=0 crystal. Forx=0.35, by contrast, the Hall resistivity
well knownl“'fm to behave like(111) Ising moment with  ghows a qualitatively different behavior in the high field re-
larger magnitude (=10ug) than that of Nd moment gjon: The sign ofp, changes from positive to negative when
(=2.3up). The Dy-doping dependence of the magnetizationH[100], while for HI[111] the sign remains positive. On the
values at low(0 T from the field-decreasing rirand high  basis of chirality mechanism, this result implies that the Dy
(14 7) field are shown in Fig. @). The increased magneti- moments interacting ferromagnetically with the Mo spins
zation at zero field upon the partial Dy substitution indicatesmay alter the sign of the Berry phase of Mo conduction
that the interaction between Dy moments and Mo spin syselectrons in an opposite way to the case of the undoped
tem is basically ferromagnetic. As indicated by upward ar-Nd,Mo,05 in the high field region. The sign change of the
rows in Figs. 1b) and Xc), a metamagnetic anomaly is high-field (14 T) Hall resistivity as a function of Dy doping
clearly discerned at about 3 T in the Dy-doped samples whefs summarized for the both field directions in the Fig)2In
the field is applied along thiL11] direction. We ascribe this  the low-doped region af<0.25, the Hall resistivity at 14 T
anomaly to the collective flipping of minority part of Dy is positive or almost zero, while it becomes negative xor
moments that point antiparallel to the net magnetization di=0.35. Conversely, the Hall resistivity f¢tl[111] direction
rection, as we will later discuss in detail. There is no trace ofs negative forx<0.25, but becomes positive at0.35.
such a metamagnetic anomaly either in the caselipt00  (Further Dy doping beyona=0.35 drives the system insu-
direction for anyx or in thex=0 crystal for any field direc- |ating, and makes it extremely difficult to measure the Hall
tion. resistivity)

In Figs. Xd)-1(f), Hall resistivity (py) is plotted against What is also unique for the Dy-doped crystal is a sudden
magnetic field(H) for the samples witkx=0, 0.2, and 0.35. decrease of Hall resistivity associated with the metamagnetic
The Hall resistivity of the undoped sample undergoes a siganomaly at about 3 T, as indicated by downward arrows in
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FIG. 3. (a) Magnetization and(b) Hall resistivity of \ / I H //[100] \ /
(Nd;_,Dy,),M0,0; with x=0.2 at various temperatures are plotted /Nd \, / N
against applied magnetic fie{#l) along[111]. The inset shows the Nd
relation between the field and the temperaiffewhere the meta-  |(n) '\, 1 — ®\ I =+
magnetic transition occurs. N?‘ N}
Figs. Xe) and Xf). The feature shows up most clearly in the Dy Dy

x=0.20 case, but is also discerned #6t0.35. To show the )
temperature dependence of the anomaly, we show in Figs. FIG. 4. The magnetic struc_turc_a of rar_e-earth_ tetrahedra. In the
3(a) and 3b) the magnetization and Hall resistivity of the Panels@—) [(m—(p)l, magnetic field(H) is applied alond111]
x=0.2 sample, respectively, at various temperatures as &00) direction. Panelsa~e), (m), and(n) correspond to the
function ofHI[111]. As the temperature is elevated from 2 K, ¢25€s With a small enough magnetic field while patels(l), (0),
the magnetic field at which the anomaly occurs shifts gradu:"md(p) to the cases W't.h a k_ngh magneuc_ﬂel_d. Pariéjsand (9)
. . represent the configuration right after the flipping of Dy moments at
ally to lower field, and eventually disappears at about 50 K.’
. . . . site 4. Nd and Dy moments are represented by smaller and larger
In the inset to Flg' 3 is shown the relation betwgen tempera.lérrows, respectively. The “+/-" symbol indicates the sign of ficti-
ture and magnetic f|_e_ld Whgre .the metamagnetic transition ig < feq that penetrates Mo tetrahedra.
observed. The transition point is defined as the magnetic fiel
wheredM/dH value takes maximum at each temperature. be taken into account. If the Dy moment substituted for site
In the case of the undoped sample, the Nd moments forrd points antiparallel to the net magnetization as depicted in
umbrella structure, or “2-in 2-out” structuPé? at a small Fig. 4(e), the magnetization increase is expected to be
enough field. The magnetic structure is depictedHr111] 0.8ug/(Nd,Dy)M0O; 5 at 20% Dy doping. Provided that the
configuration in Fig. 4a), whereH direction is upward. Fig- doped Dy moments always point antiparallel to the replaced
ures 4b)—4(e) are the cases where only one Dy is doped intooriginal Nd moments in the 2-in 2-out configuration, the an-
the single tetrahedron(We neglect the cases where moreticipated variation of the spontaneo(td=0) magnetization
than one Dy ions are included in the tetrahedron, for simplicis shown with a dotted line in Fig.(8), which is very close
ity.) The configuration of the Dy moment is determined byto the observed. The configuratiotestis possible only when
the combined effect of-d andf-f interactions. The former is the Dy-Nd interaction is antiferromagnetic. Note that the an-
ferromagnetic as we have already noted, and the latter musferromagnetic Dy-Nd interaction is compatible with con-
be antiferromagnetic on the basis of the following argumentfigurations 4b)-4(d) that are made by the ferromagnetic
If the f-f interaction could be neglected, all the Dy momentsDy-Mo interaction. WherH is increased, the Dy moments at
would point to the same direction as the Mo spins or thesite 4 collectively flip so as to gain the Zeeman energy, at the
magnetic field even at a small enough field. In this case, thexpense of the Dy-Nd interaction energy. The collective flip-
expected value of the magnetization increase upon the 20%ing of Dy moments corresponds to the metamagnetic
Dy doping at a small enough field would be anomaly observed at around 3.5 T at 2 K. The observed
1.2ug/(Nd, Dy)M0oOs 5, which is much larger than the ob- jump of magnetization in the 20% Dy-doped sample is about
served value of 06g/(Nd,Dy)MoOz5 [see Fig. 2a)].  0.3-0.4ug/(Nd,Dy)M0O;3 s which is in good agreement

Therefore, the-f interaction cannot be neglected and has towith the expected value of 0.33/(Nd, Dy)MoO; 5 for the

220401-3



RAPID COMMUNICATIONS

S. IGUCHI, D. HASHIMOTO, Y. TAGUCHI AND Y. TOKURA PHYSICAL REVIEW B69, 220401R) (2004

spin-flip procesge)—(f) in Fig. 4. The interaction energy, or (e.g., 14 7, all the Nd and Dy moments point to the field
equivalently the molecular field from the Nd moments, direction to gain the Zeeman energy, as shown in Figs.
which prevents Dy moments from flipping, grows in magni- 4(h)-4(1). If we take into account the different sign &fd
tude as the ordered moment of Nd increases. This is th%teraction between Nd-Mo and Dy-Mo, the sign of the fic-
reason why the temperature dependence of the metamagnefi, ;s magnetic field becomes positive in some of the tetra-
anomaly(shown in the inset to Fig.)3s qualitatively similar oo that include Dy ions, as opposed to negative sign in the
to the evolution of the ordered Nd moments. : ' S
tetrahedra without Dy. Therefore, as the Dy concentration is

In the case oHI[100] as depicted in Fig. (), by con- | . .
trast, all the Dy r|r|1E)me]nts seelzam to pointgtéV\)/ardy the ﬁe|o||ncreased, the number of the tetrahedra that include Dy in-

direction. This is because this configuration is compatible’r®ases, and eventually the sign of the Hall resistivity at the
with the antiferromagnetic Dy-Nd as well as the ferromag-high field changes from negative to positive. On the other
netic Dy-Mo interactions. In fact, the observed Dy-dopinghand, when the strong magnetic field is applied alfi@(]
dependence of magnetization for a sntall[100] is in rea-  direction, a tetrahedron that includes Dy ion makes a
sonable agreement with the expected vdluelashed line in  negative-sign contribution to the Hall resistivitlig. 4p)].
Fig. 2a)], which was derived again on the assumption thatThus, the sign of the Hall resistivity changes from positive to
the doped Dy moment always points antiparallel to the origi-negative, just in the opposite way to the caséHtf111].
nal Nd moment. Therefore, all the Dy moments are already |n summary, we have investigated the anisotropic magne-
aligned along the field direction at a small enough fieldtizaton and Hall resistivity for a series of
which explains why no metamagnetic anomaly is ObSGI’VElﬂNdl_XDyX)ZM0207 single crystals. A metamagnetic anomaly
in the magnetization curve fdtI[100]. is observed in the magnetization curve Fot[111]. The Hall
Keeping these features of titdld,Dy) moment configu-  resistivity shows a sudden decrease upon the metamagnetic
ration in mind, we discuss the Hall resistivity anomaly upontransition. We attribute this anomaly to collective flipping of
the Dy-related metamagnetic transition as well as the Dyminority part of Dy moments, and the decrease of Hall re-
doping induced sign reversal of Hall resistivity at a high sistivity to the sign change of fictitious field that penetrates
field. As we have argued, the moments which show fieldio tetrahedra near the flipped Dy moments. As the Dy con-
induced flipping are the Dy moments at sitefFig. 4€)].  centration is increased, the sign of the Hall resistivity at a
The magnetic structures of the tetrahedron right after the Dyigh enough field has changed from negative to positive for
flipping are depicted in Figs.(f and 4g). For the purpose H|[111], and vice versa foH|[100]. This is caused by the
of simplicity, we assume that all theNd,Dy) tetrahedra  change of Mo spin tilting that is controlled by the Dy mo-
which surround one Mo tetrahedron have the same magnetigents with different sign of-d interaction from that of Nd.
structure. Then, the fictitious field changes the sign upon
flipping of Dy moment at site 4. The sign of the fictitious  The authors would like to thank N. Nagaosa, S. Onoda,
magnetic field that penetrates the Mo tetrahedron is indicatednd N. Hanasaki for enlightening discussions. This work was
by “+” or “~=” in the each panel of Fig. 4. This gives rise to supported in part by a Grant-In-Aid for Scientific Research
the sudden decrease of Hall resistivity. At a high enough fieldrom the MEXT, Japan.
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