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Giant-magnetoresistance anomaly associated with a magnetization process in URg
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Magnetoresistance and magnetization measurements on gAldFengle crystal are reported. A strong
anisotropic magnetoresistance is found in this compound and is used to prove the ferromagnetic order of the U
lattice. A strong anomaly in the parallel and perpendicular magnetoresistance is interpreted as an unusual
magnetization process in which the magnetization remains blocked perpendicularly to the applied magnetic
field. This interpretation is confirmed by the magnetization measurements.

The giant-magnetoresistance effects and the intermetalliment of the so-called perpendiculéi L], p,) and parallel
compounds based on actinides are hot topics in the field aHlll, p)) magnetoresistivity with the magnetic fidttlalways
magnetism. At the frontier between these two topics, we reparallel to one of the easy axis. The longitudigldl, :MIIH)
port in this paper an anomalous behavior in the magnetizaand transversgM, :M1 H) magnetization measurements
tion process of UFeAlwhich leads to a strong and unusual were performed in a superconducting quantum interference
anomaly in the magnetoresistance. Although studied for aevice magnetometer equipped with two sets of pickup cails,
long time}? the magnetic structure of UR&l4 remains an  one with the axis coil parallel to the external field and the
enigma. This compound crystallizes in the tetragonalother one perpendicular to it. The single crystal was intro-
ThMn,-type structure with the U atoms in the center of aduced in the sample space with theaxis parallel to the
cage formed by eight Fe atom#aossbauetand neutrofi®  direction of the magnetic field and theaxis parallel to the
experiments showed that the Fe atoms order below 150 lxis of the transverse coils. With the experimental arrange-
and an antiferromagneti€AF) arrangement is most fre- ment, the magnetization along the two easy axes was mea-
quently proposed?® the magnetic cell remaining identical to sured during the inversion magnetization process.
the crystallographic one. Due to this high symmetry, neutron Figure 1 shows the behavior of the magnetoresistance
experiments are difficult to interpret unambiguously, and upMR) for the two configurations. Above 30 kOe, the MR is
to now failed to determine the magnetic structure of the Ualways negative and monotonous up to 160 ROde dif-
lattice. However, magnetization measurements provide sonferent values for the resistivity obtained for the perpendicular
clear results: on a powder sample, they indidateb) as an  (p,) and the parallelp,) configurations are due to the so-
easy magnetization plahend recent magnetization mea- called anisotropic magnetoresistari@&R) effect. For bulk
surements on a single crystalhowed thal andb are the materials, this effect is observed in ferromagnetic materials
easy axes. The remanent magnetization deduced from theaad is due to a scattering cross section for the conduction
measurements combined with the AF order of the Fe atomslectron that depends on the angle between their spins and
suggest a ferromagnetiEM) state for U atoms with a mag- the localized magnetic moméfor to the Lorentz force act-
netic moment of 1.65/U at 4.2 K. At low temperatures the ing on the conduction electrons, eventually enhanced by the
magnetization curves presented a step which had not beéntense internal magnetization due to the FM alignmtés.
interpreted This paper focuses on this last feature. A strongdiscussion on the microscopic origin of this AMR in this
magnetoresistance anomaly suggests that this step involveempound is beyond the scope of this paper.
an unusual magnetization process in which the magnetization Upon an increase of the applied magnetic field from high
remains blocked in a direction perpendicular to the appliechegative values up to zerdrom the left to the middle of
field; this interpretation is confirmed by the magnetizationFig. 1), the AMR (p, >p,) subsists. The existence of this
measurements. AMR in zero applied field during a hysteresis cycle indicates

The resistivity was measured up to 160 kOe on a parallethat the cause of this effect is still present. Using the ferro-
lipipedic single crystal, with the current flowing along the magnetism as the source for this AMR, the nonzero AMR at
largest dimension(b axis). Due to the crystallographic H=0 denotes a remanent magnetization as already
equivalence of tha andb axes, a 90° rotation of the sample observed. In the case of an antiferromagnetic order of the
holder around the axis of the crystal allowed the measure- iron sublattice, this AMR at zero field can be ascribed to a
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FIG. 2. Sketch of the angles between the magnetic fieldhe
magnetizatiorM, and the intensity for the perpendicular configu-
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] | > \ [ ration (I L H) during the two-steps inversion magnetization process.
| fo = I For the parallel configuratiofil||H)—not shown in the figure—
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The magnetization inversion process is displayed in Fig.

3(a) which shows the longitudinalMllallH) and transverse
) . ) (Mlb, MLH) magnetization for a hysteresis cycle. The
FIG. 1. Magnetoresistance of a U single crystal in the  gqyjvalence of the characteristic fieldly and H, detected
perpendiculafp, : HL1, Hlla) and parallelp,: HIII ,HIIb) configu- by MR and magnetization is clearly seen in Figh)3 Figure
rations at 2 K. The complete hysteresis cycles, starting from negas(a) shows that between these two fields the longitudinal
tive magnetic field values, are shown. The magnetoresistanCﬁ]agnetiz(jltion is close to zero. whereas the transverse one
curves obtained from the virgin stateero-field cooleyl are not approaches the longitudinal m,agnetization value for fields
shown.H; andH, denote the two characteristic fields. The small higher than the upper characteristic fiéM,, ). This figure
asymmetries In respect 16=0 are due to temperature drifts during strongly confirms the two 90° rotations othﬁé magnetization
the field sweeps. proposed to explain the anomaly detected in transport mea-
surements. Such a behavior, in which the total magnetization
FM order of the uranium atoms. Reversing the field direction
and increasing i{ffrom the middle to the left of Fig.)l a

huge anomaly shows up for both configurations between two — — : : S
characteristic field$d, andH, (Fig. 1). Two major features /’*”/Jﬁﬁ

=
s

characterize the anomalies.
(i) The amplitude of the anomaly, both for perpendicular
and parallel configurations, is close to the differefige-p,)
far away fromH, and H,, this feature existing up to the
highest temperatures where the anomaly is still clearly seeng;
(T~100 K). 3
(ii) The anomaly has an opposite sign in the two configu- g
rations. = 10
These two facts can be summarized by describing the=
anomaly as an interchange @f andp, for fields betweer ;
andH,. Such an interchange can be explained by two 90°
rotations of the magnetization in ttfe,b) plane: At the first
one, forH=H,, M rotates from antiparallgMlla, MIl—H)
to perpendicular to the magnetic fie{flllb, M1 H) and at
the second one, foHd=H,, from perpendicular to parallel H (104 Oe)
(Mlla, MIH) (Fig. 2. As previously explained, the relevant
angle for the AMR is the angle between the electrical current

| and the m‘f"gne_t'zat'OM instead of the angleobetweén (M, :M_LH,Mlib) magnetization®2 K as afunction of the applied

and the applied field, therefore, due to the 90° change of fie|q 1. For the sake of clarity, only the results for positive fields
the angle between the magnetization and the electrical culye shown. The sample has been magnetized on a fiel&6fkOe

rent, the two rotations previously described lead to the interang measurements are taken increasing the field up to 50 kOe and
change ofp, andp (Fig. 2). During a field decreas@ig. 1,  then decreasing it. The virgin magnetization curves are not shown.
from right to lefy, symmetrical curves are obtained. Mea- (b) perpendicular magnetoresistaripe) and transverse magnetiza-
surements with the magnetic field applied along ¢thaxis  tion (M) in the same conditions of Fig(&. The magnetoresistive

did not show any anomaly, proving that the rotation occurs iranomaly occurs betweed; andH,, when the magnetization has
the (a, b) plane. rotated 90°.
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FIG. 3. (a Longitudinal (M,:MIIH,Mlla) and transverse
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D4 tion of the Fe atoms are probably the reasons for the nonex-
ps D4 act expected valug, 3, 1) for the relative magnetizationms,
\ \\ \\ andm, .
: The virgin curve for the longitudinal magnetization with
b2 \=F \'\=* . 9 .
=<~ b3 - D3 “‘lj‘l’ steps atm,=4 andm,=3 is reminiscent of the magnetization
m ~1/4 e curve obtained in the so-called mukistructure(or multi-
D4\ AT N [ step$ compounds like CeSb where the magnetization jumps
] — b3 my/~12 ¢ , correspond to a change in the antiferromagnetic magnetic
10{="" - structuret®>'* In these t f d hysteresi
12 e I : ypes of compounds, no hysteresis, or
D1 G - i at Iea}st a small one, occurs. In our case, the impor'tant. hys-
my~0 my~0 }f,.v’ “'\ " teresis and the appearance of a transverse magnetization to-
04 o ,9»——g>9€"3‘3,.i'3d \” i gether with the features of the resistive anomaly unambigu-
1 ously exclude such a type of explanation.
————————— The blockage of the magnetization in such arpriori
0 1 2 3 unfavorable energetic position is not obvious to understand.
H (104 Oe) The standard model, which takes into account only the glo-
bal magnetic moment, the applied field, and classical aniso-
. o ) tropy considerations to evaluate the energy of the different
FIG. 4. Virgin magnetization curves at 2 (open squaresvl;; magnetization orientatioris,is insufficient to describe this
closed circles:M ;). The measurements are performed mcreasmgphenomenon As a matter of fact. when the Zeeman ener
the field from 0 up to 25 kOe, after cooling under zero magnetic E——M-H L higher than th ! barrier bet d 9y
field. The relative population of the domains, whdnincreases, is (E= ) L'S 'gher than e”_energy_ arrier _e Wgﬁzar(]a
sketched in the upper part of the figure as proposed in the text. b due to_t e magnetocrysta ine anisotroffy=K,sin"2
whereK, is the anisotropy constant of the crystal amndhe
angle between the magnetization and an easy),axisag-
remains blocked peroendicularly to the maanetic fieldnetic moment antiparallel to the magnetic field rotates. In
Perpen y nag this simple model, the magnetization cannot stay perpendicu-
.(H1<H<H2) before its allgnment along the fielt > H,), . lar to the magnetic field because the tordi¥exH) on the
is unusual and contrasts with the standard FM materials

where the global magnetization rotates directly from themagnetlc moment is maximum and forces an alignment of

positive to the negative direction at the coercive figigis- the magnetization a_Iong thg field. Actually, the role of the Fe
teresis square cygl@r progressively reverses direction upon atoms, the magnetic qouplmg betwe_en these and the U at
domain formation? The fact that. betweeh. andH.. M oms, as ngl as the anisotropy energies for poth species have

) ' 1 2 L to be considered for a complete understanding of this behav-
does not reach exactly the valtw,, can be explained by a

small misalignment of the crystal axes in respect to the coiior: for instance, a change in the angle between the alignment
axes; the ng ative signal ogtained idr, at figlds higher ~°X€% of the Fe and U atoms or a new order for the Fe sub-
’ 9 9 L 9 lattice could drastically change the equilibrium configuration

thanH, is probably also caused by this misalignment. On theand might lead to such an unusual magnetic behavior,

other hand, the contrlbgtlo_n to the magnetization _of the Fe As a conclusion, the magnetoresistance results obtained
sublattice under magnetic field is probably not negligible and : : .
should also be taken into account for an exact quantitativé)n a UFQAIB single crysta_\l show a strong anisotropic mag-
description of the magnetization results hetoresistance e_ffect: This effect has been used to confirm
' the ferromagnetic alignment of the U moments, a result
which would be hardly obtained by neutron diffraction ex-
0periments. The magnetoresistance curves display a very pe-
culiar anomaly in the parallel and perpendicular configura-
tions which is interpreted as a two-steps magnetization
process due to two 90° rotations. Magnetoresistance mea-
two easy axes andb (Fig. 4. Increasing the field up to a surements confirmed this i_nterpretation. Du_e to their impor-
e tant technological applications, the magnetization processes

value close tdH 4, the less energetically favorable dom&in for the FM compounds have been widely studidd® How-
rotates 90°. However, in the case of a small crystal misalign- :

ment, the directions 2 and 3 are not equivalent due to the <~ 2> far as we know, a blockage of the global magnetiza-
’ . q . fion perpendicularly to the applied field during the magneti-

Zeeman energy, and Fhe rotation of thd magnetization  -ion process, as it occurs in UPd g, has never been

nghu:it?;etgﬁ)e% t?(;)nm(i‘lrtlheﬂ}?elrg#aivla Tﬁgnfgi‘zt'og?ue n previously described. This unusual state, coupled to the

dicular to it(m, =M, /M,..) are e Hual t(Hi (FTZ 4 A?urt?ler highly anisotropic magnetoresistance, leads to the spectacu-

increase of thé fielé wiIIerad toi reorientgfioﬁ Of along lar magnetoresistance behavior of Fig. 1 that places;flize

the direction o>, (m=m, =3, Fig. 4, and finally, atH,, in a new family of giant-magnetoresistance compounds.

the domainD; disappears leading to a single domain state We thank G. Lander and J. A. Paixdor discussions
(m;=1, m, =0, Fig. 4. Following this reasoning, in the non- about the neutron results and their limitations and J. L.
virgin curve, the domairD, is never populated, leading to Tholence, P. Haen, P. Molho, and J. L. Porteseil for stimu-
the simpler magnetization curves of FigaB As in the case lating discussions. This work has been partially supported by
of Fig. 3(a), a misalignment of the crystal and the contribu- NATO collaborative research Grant No. 920996.

virgin state

the symmetry of the magnetic cell, the virgin stésample
cooled under zero magnetic fi¢ldonsists of four equally
populated domaingD1, D2, D3, andD4), each with a
magnetization pointing in one of the two directions of the
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