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Mechanism of the Giant Magnetoresistance in UNiGa from First-Principles Calculations
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The giant magnetoresistance (MR) in UNiGa is investigated from first principles, using density-
functional band-structure theory in the local approximation together with a linear-response ansatz for
the conductivity. The MR is calculated to be very anisotropic, with a large value(¢f + 5)% for
current in plane and a giant MR of(64 = 5)% for current perpendicular to plane. These values are in
semiquantitative agreement with the measured MR. The basic mechanism of the giant MR is identified
to be a superzone reconstruction of the Fermi surface at the field induced metamagnetic transition.
[S0031-9007(96)01990-4]
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The discovery of the giant magnetoresistance (MR) ircrystallizes in the hexagonal i structure [9,10], which
Fe/Cr multilayers [1] has lead to a world-wide interest in exhibits a natural layer structure, consisting of planes of
the MR phenomenon as well as to a nearly “avalancheliketiranium atoms admixed with 25% Ni atoms perpendicu-
research activity. After the first report on the giant MR inlar to the ¢ axis, each of which are separated from one
Fe/Cr multilayers, giant MRs were discovered in f&u  another by a layer of Ni and Ga atoms. The magnetic mo-
multilayers [2], in heterogeneous @©u and CgAg al- ments of all uranium atoms in one layer are rigidly cou-
loys [3], and also in a number of “ordinary” intermetal- pled parallel due to a strong intralayer exchange coupling.
lic compounds [4—-7]. One of the essential conditions fortUniaxial magnetic anisotropy leads to an orientation of the
the occurrence of the giant MR in transition-metal (TM) moments parallel to the axis [10]. The interuranium
multilayers is an antiparallel interlayer exchange couplindayer exchange coupling is much weaker: With a rela-
across the spacer layer [8]. The giant MR effect appeargvely small magnetic field of less than 1 T it is possible to
when the magnetic moments, which are initially orientedflip the magnetic orientation of one complete layer. The
antiparallel, are aligned parallel in an applied magnetianagnetic phase diagram of UNiGa, furthermore, is quite
field. A similar condition is required for a giant MR in in- intricate: there are several AFM phases below the Néel
termetallic compounds, which without exception is foundtemperature’y = 39.5 K[10]. Some of these are rather
to be intimately related to the occurrence of a ground stateomplex, for instance, with a sequential stacking of the
antiferromagnetic (AFM) phase. As compared to the MRuranium moments of + — + — — +—in the consecu-
in TM multilayers, the MR in intermetallics is attractive for tive layers perpendicular to thedirection. In this nota-
theoretical investigations of the MR mechanism for twotion, “+” means+c oriented, and " means—c oriented
reasons: first, in a number of intermetallic compounds anoments, respectively. The ground state AFM structure
MR was observed which exceeds by far the giant MR meais characterized by a sequential stacking+ — + ——
sured in TM multilayers. Examples are L.aCa,MnO;  of the uranium moments [10]. Recent magnetotransport
[4], and in particular also the uranium based intermetallicsmeasurements on pure single crystals yielded a giant nega-
as, e.g., UNiGa, UNiGe, UPdIn, and UNiSn, where magtive MR of —87% for current perpendicular to plane (CPP)
netic field induced changes of the resistivity up to a factor(i || ¢ || B), and a somewhat smaller MR ef58% for cur-
of 7 were measured [5,6]. Second, the giant MR in inter+ent in plane (CIP)i(Lc || B) [5]. With regard to the nega-
metallics was in most cases measured on pure single cryve sign of the MR, we note that the definition customary
tals [5—7]. The latter situation is in contrast to that of TM for the MR in uranium intermetallics has been used:
multilayers, where, depending on the achieved superstruc- _
ture quality, incoherent conduction electron scattering off Ap/p =1p(B) = p(0)]/p(0). (1)
impurities and interfacial roughness potentials may conThis definition differs from the one commonly used for
tribute in a distinct, though quantitatively unknown man-TM multilayers, in whichp (B) andp(0) are interchanged.
ner. Itistherefore of a fundamental interest for the generalsing the multilayer convention, the MR in UNiGa would
understanding of the MR phenomenon to explain on a firstbe about 650% for CPP and about 140% for CIP. Thus,
principles basis the nature of the giant MR in intermetallicthe MR in UNiGa closely resembles that of the TM multi-
compounds. In this Letter, we report on such an investilayers, which are also loosely exchange coupled magnetic
gation of the giant MR in UNiGa. layers, but the MR in UNiGa is considerably larger.

It was discovered recently that in an external field the Previously several theories of the giant MR in TM
resistivity in UNiGa changes enormously [5]. UNiGa multilayers were proposed [11-19]. Initially, these con-
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centrated on an explanation of the MR in terms of spinfor reasons of computational feasibility. The ground state
dependent electron scattering off impurities or interface®AFM structure corresponds to 54 atoms, which would
[11-15], but simplified the electronic structure. Some resmake the relativistic self-consistent energy-band calcula-
cent publications took the effect of the electronic structurdion extremely tedious. Consequently, the theoretical MR
on the MR into account, which may be appreciable [16-s calculated here using Eq. (1), with the identification
19]. A general consensus exists on the appropriate formapry = p(B) andparpm = p(0), with ppum, parm the cal-
ism for the evaluation of the conductivity (o = 1/p):  culated resistivities of the FM phase and of the simplest
mainly the Kubo-Greenwood linear-response formulatiolAFM phase, respectively. We note that the MR calcu-
[20] and also the Boltzmann equation in constant relaxakated in this way may be different from the one in which
tion time approximation [21] have recently been used [11-the true AFM reference state is used. In the calculations,
19]. An exception is the work of Schegt al. [22], where  care was taken to achieve numerical convergence with re-
the MR of point contacts was considered. spect to the basis set size akgpoint number. A basis
We adopted the linear-response approach [20] to calciset of spd functions on Ni and Ga, angpdf on U was
late the conductivity of UNiGa. The static, or so calledused. A large number of 24576 tetrahedra, finally, was
intraband conductivity at zero temperature is given by  used to compute the Brillouin zone (BZ) integral in the ir-
reducible Wedgeéll—zth) of the BZ.
oi = 7 [(nklpilnk)*8(Ec — Er). 2) Our band-structure calculations showed that in both
nk the FM and AFM phases there are six bands crossing
Here |nk) is the Bloch wave functionf,x the corre- Ep, which contributed to the MR: for CPP we calculated
sponding band energy;r the Fermi energy(nk|p;lnk)  Ap/p = —64%, and for CIPAp/p = —45%. Numeri-
is the matrix element of the momentum operator=  cal accuracy tests showed that these values may have
x,y,z), andr the phenomenological conduction electronan uncertainty of+5%. The ab initio calculated MRs
lifetime. Theinterband contribution tar;;, which is im-  are in semiquantitative agreement with the experimental
portant at elevated temperatures and for the frequenoyalues, which are-87% and —58%, respectively. The
dependent conductivity, has been neglected here becausemisotropy in the CPP and CIP-MR, moreover, is quanti-
the MR was measured at 4.2 K [5]. To evaluate Eq. (2)atively described. The trustworthiness of the computed
we calculated the electronic structure within the frame-MR depends of course on the applicability of the LSDA
work of the local spin-density approximation (LSDA) approach, which, in the case of UNiGa, has to be clarified.
[23] to density-functional theory. UNiGa requires a rela- Two important questions that are to be addressed are:
tivistic treatment, wherefore we used a fully relativistic, What is the mechanism that causes the giant MR in UNiGa,
spin-polarized linear muffin-tin orbital (LMTO) method and what is the validity of the LSDA itinerant electron de-
with combined corrections [24,25]. Fdnk|p;|nk) the  scription for UNiGa? To start with the second point, it
following relation holds:(nk|p;|nk)i = m(dE,x/0k); is known that the mean-field LSDA approach has limi-
[26]. Substitution of this equality in Eq. (2) leads to antations in describing strongly correlated electrons. The
expression foro; which is also found from the solution electrons in the uraniunif shell can be more or less
of the Boltzmann equation in constant relaxation time apcorrelated, depending on their degree of localization. To
proximation [21]. Thus, in the appropriate limits, theseinvestigate the applicability of the LSDA to UNiGa, we
theories yield the same expression for the conductivitycalculated the frequency dependent conductivity tensor us-
illustrating thereby that Eq. (2) is theoretically firmly es- ing the linear-response formalism (including the interband
tablished. The electron lifetime, which relates to the contribution), from which the magnetooptical (MO) Kerr
intrinsic sample purity, is unknown. It may in principle spectra can be derived [27]. Very recently, the MO Kerr
be band and spin (or magnetic ordering) dependent, bwpectra of UNiGa were measured [28], so that we could
we adopted here an isotropic, constant lifetime. The spiglirectly compare measured and calculated spectra. This
dependence can in a good approximation be assumed to
be isotropic on account of the spin-orbit interaction of _
uranium, which causes a strong mixing of minority andEANB(';-E |.MI(Q:alc:JIated. MO'/? for each 0; tthSF',X Fﬁ (S:rl‘getsﬂ?f
m"’!jor.“y Sp‘?" Wherefore_ no well defined spin sta_tes eXiStEXp;er?hental \KAaRugztggreO)thagseeg(;}/eRnef.o [r5]. Fo?gomple.teneses’
This is an important difference with the MR discussedsake the calculated conductivitiesspy (for CPP and CIP,
for TM multilayers. In this approximation the unknown normalized to arbitrary units) are also given for each FS sheet.
7 drops out when the quotient of two conductivities is
considered. The MR is therefore calculated without ad-
justable parameters. 1 2 3 4 5 6 Exp.
The unit cell of UNiGa in the ferromagnetic (FM)  yr.cPp —75 —55 —69 —88 +57 —70 —87
phase of the F# structure contains nine atoms. The MRr.clP  —54 —48 —18 —40 —18 —87 —58
simplest AFM unit cell, i.e., the one which has— or- oam-CPP 022 043 235 439 970 1.42
der of the; moments in the direction, con'galns 18 atoms. oam-CIP 028 094 234 330 9.09 1.17
We considered only these two magnetic superstructures
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we show four characteristic FS sheets (Nos. 2-5) for the
AFM and FM phase, respectively. From a comparison of
the FS sheets in both phases, it can be seemnatlzage FS
reconstruction occurs at the field induced metamagnetic
transition. In the case of FS sheets Nos. 3 and 4 even
a reconstruction which changes the FS topology occurs:
the FS sheets, which are initially connected alongihe
direction in the AFM configuration, become disconnected
upon the metamagnetic transition. Such a reconstruction
of the FS may naturally bring about pronounced changes
in the crystalline anisotropy of the conductivity. Next,
we consider the mechanism of the giant MR in detail
from the example of FS sheet No. 3 (2nd FS in Figs. 1
and 2). For the CPP-MR, one basic mechanism that
can be identified from this FS sheet is the following:
the rather spherically curved AFM sheet is reshaped into

FIG. 1. Four characteristic FS sheets (Nos. 2-5, top to bot-
tom) of AFM UNiGa. The FS sheets are shown in the hexago-
nal double unit cell.

comparison showed that the LSDA approach gives a fairly
good description of the measured spectra. As a further test,
we also calculated the electronic structure and MO spectra
of UNiGa using the LSDA+ U approach [29], which con-
tains an additional Hubbard-liké to simulate strong on-
site Coulomb correlations between thg electrons. The
LSDA + U approach gave, however, much worse results
for the MO spectra. Therefore it can be concluded that
application of the LSDA approach to UNiGa is justified.

To investigate the mechanism of the giant MR, we
analyzed the band-by-band contributions of each of the six
Fermi surface (FS) sheets to the MR, which are listed in
Table I, as well as are the normalized AFM conductivities

for each sheet. All FS sheets, except No. 5, contribut¢|G. 2. As Fig. 1, but for FM UNiGa. Note the rearrange-
substantially to the giant negative MR. In Figs. 1 and 2ment of the FS sheets with respect to those shown in Fig. 1.
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