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Magnetic-field effect on static antiferromagnetic order above the upper critical field
in Nd; gsCe 15CUO,
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We use neutron scattering to study the effect ot-axis-aligned magnetic field on superconducting
Nd; g£Ce 1CU0, for fields above its upper critical field. We also determine the effect of such a field on the
cubic impurity phase (Nd,Ce),;. By comparing these data with previous field-induced results on other
electron-doped materials, we conclude that while the impurity phase is responsible for scattering at (1/2,0,0),
application of a magnetic field does induce a quantum phase transition from the superconducting to an anti-
ferromagnetic state in electron-doped highsuperconductors.
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One of the most important unresolved problems in high-ductivity, the appearance of (1/2,0,0) and (0,1/2,0) magnetic
transition-temperaturéhigh-T.) copper oxides concerns the reflections is puzzling® Recently, Manget al?? found that
nature of the correlated electron state at low temperaturthe annealing process necessary to make superconducting
when superconductivity is suppressed/hile such a state in  NCCO also induces epitaxial cubic (Nd,G6) as an impu-
conventional Bardeen-Cooper-Schrieffer superconductors isty phase. While this impurity phase is lattice matched with
a homogeneous diamagnetic metal, there are reasons to ltbea-b plane of NCCO, its lattice parameter along thaxis
lieve that many other quantum states compete with supercois about 10% smaller than that of NCCO. Maeigal 2 also
ductivity in high-T, copper oxide$® Determining the clos- claim that the epitaxial cubic (Nd,C&); has long-range
est competing ground state and establishing the evolution ajrder parallel to the CuDplanes of NCCO but extending
such a state when superconductivity is destroyed by a magnly ~5a. along thec axis, thus giving rise to structural
netic field will strongly constrain possible physical explana-peaks that occur at one subclass of half-integer NCCO Bragg
tions for superconductivity. For p-type underdoped peaks withL=0 (zero momentum transfer along theaxis)
La,_,Sr,CuQ, (LSCO), transport measurements have re-such as (1/2,1/2,0), where AF peaks occur. Although we
vealed that the field-induced normal state is a chargeonfirmed the presence of such an impurity phase,
insulator'® Although subsequent neutron scattering experi(Nd,Ce),05 in our samples has @axis coherence length of
ments showed that application of a magnetic field enhancesbout 220-20 A full width at half maximum(FWHM) [Fig.
incommensurate spin-density-wau@DW) order!**? the  1(c)] and therefore essentially forms three dimensional long-
transition from the superconducting state to the SDW stateange structural ordéf.
was never observed because the upper critical Bgldfor Since application of a magnetic field will induce a net
LSCO is beyond the capability of the current neutron meaferromagnetic(FM) moment in the impurity phase at posi-
surements. Similarly, neutron scattering experiments fotions (1/2,1/2,0) and (1/2,0,6%,it is important to determine
fields up to 7 T failed to confirm static SDW as a competinghow much of the scattering at (1/2,1/2,0) and (1/2,0,0) in
ground state to superconductivity in underdoped supercorthe B||c-axis geometr¥’ originates from (Nd,Ce)0;. While
ducting YBgCuyOg ¢. 1314 the magnetic field dependence of (1/2,0,0) appears to behave

Fortunately,n-type doped highF, copper oxides gener- similarly with that of (1/2,1/2,0) below 7 ¥ we show here
ally have much loweB_,.**>1" While initial measurements that these two families of reflections have quite different
found no observable field-induced effect for field-dependent behavior at higher fields. By comparing the
Nd, 5Ce 1LCUO,,*® we showed thatB, (for a c-axis- field dependence of the scattering with impurity scattering at
aligned field is only 6.2 T for Nd gCe& 1£Cu0Q, (NCCO)  these positions, we conclude that suppression of supercon-
and suppression of superconductivity by such a field induceductivity by a c-axis-aligned field enhances scattering at
a commensurate SDW ord€r?° For two-dimensional anti- (1/2,1/2,0) and (1/2,3/2,0). However, the field-induced in-
ferromagnetic(AF) ordered copper oxides, structure factor tensity at (1/2,0,0) is likely due to the impurity phase.
calculations show that magnetic scattering should center The single crystals of superconducting NCCO used in
around (1/2,1/2,0) and/or its equivalent positiéhsVhile  present work were described in detail bef&t8° They have
the observation of a field-induced AF peak at (1/2,1/2,0)a T of 25 K and aB, of 6.2 T at 5 K asdetermined from
suggests that antiferromagnetism competes with supercotihe resistivity measurements. The high field measurements
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TABLE I. Miller indices of Nd; g£C& 1:Cu0O, and equivalent
cubic (Nd,Ce)O; reflections assumingyo=2v2ayncco=11.072

a) b) K andcycco=12.07 A,
2
NCCO NO  |Fyo(H.K,L)| NO NCCO
! (0,1/2,0) (1,1,0) 0 (1,0,1) (1/4,1/4,1.1)
> (1/2,1/2,0)  (2,0,0) 11.14 0,02)  (0,0,2.2)
v o e (1/2,3/2,0)  (4,2,0) 16.85 (4,02)  (1,1,2.2)
<
pu o o) (112,1/2,1) & &= 7009
BII[1,-1,0] c . . . . -
© Nd 2 ite (PG filter and the incident beam energl;] was fixed at
-soog_ 13.6 meV. For fields below 7 T, we used BT-9 and BT-2

z , : triple-axis spectrometers at the NIST Center for Neutron Re-
I w o1 00 04 search with PG monochromatdt;=14.7 meV, two PG fil-

x LAEL) ters, and collimations of 4046'-40'-80'. For the experi-
ments, we label wave vecto®=(qy,qy,q,) in A~ as
(H,K,L)=(q.a/2m,q,al2m,q,c/2m) in the reciprocal lattice
units (rlu) appropriate for the tetragonal unit cell of NCCO
(space group4/mmm a=3.92 andc=12.07 A). The im-
purity phase (Nd,Cej0; has space groupa3 and lattice
paramete@yo=11.702 A2°

Figures 1a) and Xb) plot the schematic diagram of
canted AF NCCO and reciprocal space probed in the experi-
ment, respectively. At zero field, weak superlattice peaks
1000 were observed at (1/2,0,0), (1/2,1/2,0), (1/2,3/2,0), and

(1,1/2,0)?° Application of a magnetic field induces magnetic
1 800 scattering at (1/2,1/2,0) and (1/2,0,0) type positions as well
as intensity at FM Bragg peak positions such as (1,1%39.
As a function of applied field, the field-induced scattering at
(1/2,1/2,0) was found to initially increase linearly with field,
— ' , saturate around.,, and finally decreases for larger fields.

FIG. 1. Spin structure models, summary of reciprocal spacey the other hand, the field-induced FM scattering at (1,1,0)
probed in thg neuFron experiments, and effect ofe_lmagnetlc field Opncreases continuously from 0 T to 14.5 T and shows no
the AF and impurity peaks at 5 Ka), The non-collinear type-I/Il| .
spin structure of the AF order in NCC@), Classification of field- major anomaly aroun@fﬁ' These results suggest _the pres-
induced magnetic peaks at 5 K{.). Moderate field induces ence O_f a phase ”?‘”S'“O” from the superc%lduct_lng state to
peaks at ((Bn+1)/2, (2n+1)/2,0), (M,(2n+1)/2,0), and ((2n &N antiferromagnetically ordered gtate Bt. Whlle the
+1)/2,0), wherem,n=0,1. The field-induced peaks can be clas- N€W measurements at the AF position (1/2,3/2f8y. 1(f)]
sified into two types with different magnetic field dependence abové&onfirm the earlier results at (1/2,1/2,05ig. 1(e)],"* scans
Be,. The closed circles represent peaks with increasing intensitground (1/2,0,0YFig. 1(d)] and (1,1/2,0)[Fig. 1(g)] posi-
aboveB.,, while the open circles show peaks with decreasing in-tions behave quite differently. Instead of decreasing for fields
tensity aboveB,,. The closed squares indicate structural Braggabove B.,, the field-induced scattering appear to saturate
peaks where the intensity scales with increasing field and displayabove 8 T &B.»).
only a small anomaly acro$3.,. (c) L-scans around the AF peak To compare the field-induced scattering from the impurity
(1/2,1/2,0 at 0 T and 7 T magnetic field along th&,—1,0] direc-  phase with that at (1/2,0,0), (1/2,1/2,0), and (1/2,3/2,0) for
tion. Since the applied magnetic field is parallel to the gplanes, B||c axis, we realigned the crystal in theéd(H,L) zone
the observed field-induced enhancement can be attributed almogthere the applied vertical field is along thé,—1,0], the
entirely to the polarization of Nd moments in the impurity phase of 5 pic edge direction of (Nd,C@())S.ZO By measuring the
(Nd,C8,05. The FWHW of the field-induced scattering along the field dependence of the scattering at (1/4,1/4,1.1), (1,1,2.2)
c-axis (AL) is 0.056+0.006 (r.l.u.), indicating a minimum goher- and (0,0,2.2) positions, we are probing the magnetic field
ence lengths 9f about 1&, or 220:20 A along thec-axis of effect of the impurity phase on (1/2,0,0), (1/2,3/2,0), and
(Nd,Ce,05 (usingé~a./AL). Radial scans along) (H,0,0), (e) . 0.22 .

L . (1/2,1/2,0) for theB||c-axis geometry’?? respectively, as
(H,H,0), (f) (H,3H,0), and(g) (H,H/2,0) directions at various . . .
fields. The data were collected on the E4 two-axis spectrometer iumm_arlzed N Table | Figure 2 Sh(.)WS ihe outcome .Of .
HMIL. experiment for fields up to 14.5 T. Since (1/4,1/4,1.1) is not

an allowed structural Bragg position for (Nd,G€j, the

were taken at the E4 two-axis diffractometer using thescattering there is featureless at zero figkg. 2(@)]. On
VM-1, 14.5-T vertical field magnet at the Berlin Neutron increasing the magnetic field from zero to 14.5 T at 5 K, the
Scattering Center, Hahn-Meitner-InstitutdMI). The colli-  field-induced intensity increases with increasing field and es-
mations were 4040 -Sample-40 with one pyrolytic graph-  sentially saturates for fields above 7 (Fig. 2(a). For

Nd, ;.Ce, ,sCuO, Blic-axis
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FIG. 2. Effect of a B||[1,—1,0] field on the impurity == 1 o ,ﬁ {1e&
(Nd,Ce)0; peaks at 5 K. At zero field, (Nd,Cgp; peaks were ofe-e”  |e jo

observed atb) (1,1,2.2),(c) (0,0,2.2), andd) (1/2,1/2,0). Mod-
erate field induces peaks &) (1/4,1/4,1.1), and enhancéb) FIG. 3. Field dependence of the integrated intensities of AF, FM
(1,1,2.2), (c) (0,0,2.2) and(d) (1/2,1/2,0). The spectrum shows and impurity peaks as a function of field at 5 K. The magnetic field
radial scans fota), (b), and(d), while a rocking curve is presented Was applied along the axis for AF and FM peakéclosed markeis
in (c) because of a large background from a strong Bragg reflectio@nd the[1,—1,0] direction for impurity peaksopen markers The
that is found in a radial scafRef. 20. The data were collected on Ccircles are data taken at NIST while triangles and squares are two
the E4 two-axis spectrometer at HMI. separate experiments at HMI. The integrated intensity(bat
(1/2,3/2,0)-residual AF and (1,1,2.2)c) and(d)], (1/2,1/2,0) and
) ) ] (0,0,2.2); are normalized to 1 at 0 T, whil@), (1/2,0,0) and
the (1,1,2.2) peak, which is an allowed reflection of (1/4,1/4,1.1) data are normalized to 1 at 6 T since there is no
(Nd,Ce)05 (Table ), the applied magnetic field has a weak (Nd,Ce),O; peak at 0 T for (1/4,1/4,1.1)€) shows the field de-
effect on its intensitfFig. 2(b)]. As a function of increasing pendence of induced FM peak (1,1,0). The dotted lin@jrshows
magnetic field, the field-induced intensity increases slowlya quadratic fit to the data below and upper critical fieBi 4
and essentially saturates for fields above [Fig. 2(b)]. In =6.2T). (f) represents the difference between (1/2,1/2,0) and
comparison, the field-induced scattering at (1/2,3/2,0) in th€0,0,2.2) shown in(c). The dashed lines irfia)—(d) and (f) are
B||c-axis geometry initially increases with increasing field guides to the eye and arrows indicate the upper critical field as
but then decreases with increasing field for B larger than 7 Fetermined from transport da(Ref. 19.
[Fig. 1(f)]. The field-dependence of the scattering at the
(0,0,2.2) and (1/2,1/2,0) maximizes arouBd, and de- decrease for fields up to 14.5 T. Finally at the Bragg peak
crease slightly abovB,,. position (1,1,0)Fig. 2(e)], the field-induced scattering has a
For AF ordered copper oxides, the magnetic scatteringuadratic field dependence for fields bel@®y,, and then
should only appear at (1/2,1/2,0) and/or its equivalent posiincreases further with increasing field with a reduced slope.
tions. Assuming that the field-induced intensity is entirely To estimate the contribution of the impurity scattering at
magnetic, we normalized the structural integrated intensityifferent lattice positions, we normalize the nuclear Bragg
measured at NIST and HMI to 1 at O[€xcept at (1/2,0,0) peaks from the impurity phase to the superlattice reflections.
and (1/4,1/4,1.1), where the superlattice peak (1/2,0,0nssuming the latter has only the contributions from the im-
arises from lattice distortion of the Cy@lane and scattering purity phase(which is the upper boundwe can determine
across (1/4,1/4,1.1) is featureless as required byl#® the field dependence of (Nd,G€&; and compare that with
space group of (Nd,Cep;]. The field-induced magnetic in- the field-induced effect at (1/2,1/2,0) and (1/2,3/2,0) quan-
tensities of (1/2,0,0) and (1/4,1/4,1.1) are normalized to 1 afitatively. The open circles in Fig. 3 show the field-
6 T. Since a 7 Tc-axis-aligned field has no effect on dependence of the impurity scattering based on intensity
(1/2,3/2,0) in the parent compound peLO, and non- gains from impurity nuclear Bragg peaks. Consistent with
superconducting as-grown NgiCe, ;-Cu0,,?° we assume earlier result€’ we find that impurity scattering cannot ac-
that such a field also has no effect on the residual AF order icount for the observed field-induced intensity at AF peaks.
superconducting N&<Ce, 15CuQ,. At (1/2,1/2,0)[Figs. 3c) However, we confirm that the scattering at (1/4,1/4,1.1) and
and 3d)] and (1/2,3/2,0)Fig. 3b)], the field-induced scat- (1/2,0,0) positions are indistinguishable to within the error of
tering peaks aroun@., and decreases for larger fields. At the measurementé.In an independent experiment on super-
(1/2,0,0) [Fig. 3@] and (1,1/2,0)(not shown, the field- conducting PsgdaCe 1,Cu0,,%® a similar electron doped
induced intensity behaves similarly to that of (1/2,1/2,0) andmaterial where the cubic impurity phase (Pr,La®)has a
(2/2,3/2,0) for fields less than 6.2 T but clearly does notnonmagnetic ground state and no field dependence below 7
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25

YTy S —" B H2Z) @ v 25 hanced with the_ suppression of sqperconquctlwty, remains
- O Teske=er | F O Teskperr{ 2.0 unchanged and is completely consistent with measurements
sl 115 on Ppgd.aCe ,Cu0,.?°
{10 In Fig. 4, we compare the field-induced scattering from
{os (Nd,Ce), 05 at (1,1,2.2) with that of (1/2,3/2,0). For NCCO
¢ { o0 with type-1/lll magnetic structure, the long-range AF order of
R . . . NCCO will contribute to the magnetic scattering at
045 049 050 o051 052 09 09 100 10z 104 (1/2,3/2,0). Since superlattice peaks are temperature inde-
Hiru) H(r.L.u) pendent below 50 IE?*ZO we can use the intensity of
(1/2,3/2,0) superlattice peak at zero field and 50 K for com-
parison with the (1,1,2.2) peak from (Nd,G6&y. Figure 4

20

15
1.0
05

Intensity (arb. unit)

0.0

FIG. 4. Comparison of the field-induced effect at residual AF
peak (1/2,3/2,0) in th8||c-axis geometry with that at (1,1,2.2) in . . . .
the B||ab-plane geom!try(along the [1,-1,0] direction. At shows that the field-induced intensity at (1/2,3/2,0) has only
(1/2,3/2,0), the scattering intensity grows beldw~38 K. To a Slma” contribution Eom (Nd%CQD3d t tteri
compare the field-induced intensity at (1/2,3/2,0) with that from the n summary, we have perfiormed neutron scattering ex-
polarization of (Nd.Ce)0, at (1,1,2.2), we normalize the inte- periments on the effect of @axis aligned magnetic field on

grated intensity of the structural superlattice reflection at (1/2’3/2,o)su_perco_nductlng '\11%5(:%-15(:“04 f_or fields above its upper
o that of (1,1,2.2) at 0 T and 5 K. critical field. We determined the field-effect on the cubic im-

purity phase (Nd,CeCuQ;. By comparing these data with
T,2% Fujita et al. found enhanced AF order at (1/2,3/2,0) for Our previous field-induced results, we conclude that the im-
fields up to 5 T. Above 5 T, this AF order decreases withPUrity phase is responsible for the unexpected scattering at
increasing field, consistent with the field dependence of1/2:0.0). This simplifies the interpretation of the results for
(1/2,1/2,0) in Ref. 19 and (1/2,3/2,0) of NCO®igs. 1e) the unusual AF NCCO reflections. However, an applied field
and 2b)]. However, Fuijitaet al2® did not find any field- does induce a quantum phase transition from the supercon-

induced effect at the (1/2,0,0) and (1,1/2,0) positions in thejfUcting state to an AF state in electron-doped Higrsuper-

experiments. In view of this fact and the similarities betweenconductors.

the field-induced scattering at (1/2,0,0) and (1/4,1/4,1.1) We are grateful to Y. Ando, D.-H. Lee, H. A. Mook, Sudip

[Fig. 3@], we conclude that the (1/2,0,0) scattering reportedChakravarty, Steve Kievelson, K. Yamada, and S. C. Zhang
in Ref. 19 is due to the impurity (Nd,C&); phase. Al- for helpful discussions. We thank K. Prokes for technical
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