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Large magnetoresistance and critical spin fluctuations in Gdj
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The effect of the large negative magnetoresistance in layered ferromagnetic metalaGdileen explained
on the basis of the-f exchange model. Assuming the Ornstein-Zernike form of the spin-spin correlation
function for the two-dimensional case, we calculate the resistivity in the vicinity of the ferromagnetic transi-
tion. The influence of the magnetic field was taken into account via the generalized dynamical-scaling ap-
proach and molecular-field approximation. The results are found to be in good agreement with experiment.
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A layered magnetic system exhibits many interesting ancthomenon in Gdj. Note, however, that in Gglthe s-f ex-
promising properties. Perhaps the most exciting among themhange interaction is not of the ferromagnetic Hund'’s type
is the effect of the large negative magnetoresistance observeghd is rather expected to be antiferromagnetic.
in manganitesand rare-earth-based layered matefiakss- In this paper we show that the anomalous peak of the
sociated with a significant decrease in the resistivity on apelectrical resistivity around, in Gdl, can be explained as a
plying a magnetic field. Despite a large number of investigaresult of a strong scattering of conductiod Blectrons by
tions the underlying physics of this phenomenon injocalized 47 electrons withS=7/2 due to the specific topol-
manganites is still far from being understood. Furthermoreggy of the Fermi surface of the conduction band. This results
the situation there is more complicated due to the fact thafrom the quasi-two-dimensional band strucfusmd the re-
MnQOs centers are Jahn-Teller active. This introduces latticnarkable fact that conduction electrons do not occupy a
degrees of freedom that complicate the physical picture. proads band like in Gd metal but a narrowd% band. The

It is therefore instructive to investigate materials thatpresence of a weak magnetic field causes changes in the
show large negative magnetoresistance where most of th@amping of spin excitations and introduces a nonzero mag-
physical properties are determined by magnetic interactiongetization abovel,. This results in the suppression of the
alone. One particular example we will consider here is thescattering mechanism. In the case of large magnetic fields the
rare-earth-based layered ferromagnetic metal,Glaat un-  |ocalized spins are aligned along the field direction and spin
dergoes a_transition to ferromagnetism close to roomjyctuations are strongly suppressed. This leads to the ab-
temperaturé:* Gdl, has a hexagonal-close-packed structuresence of scattering by the magnetic moments and a decrease
with P63/mmc point-group symmetry. It comprises Gdl of the magnetic resistivity.
sheets with the Gd in the centers of the trigonabtisms In our theoretical analysis of the magnetoresistive proper-
formed by iodine ions. In addition, each Gd atom is sur-ties of Gd}, we start from the two-dimensional tight-binding
rounded by six other Gd atoms in the plane. The lattice pamodel for 5,.-conduction electrons in the basal plane of a
rameters ar@=4.0775(4) A anc=15.041(1) A. hexagonal lattice,

The electrical resistivity versus temperature shows a
broad anomaly centered at the Curie temperaiye This .
anomaly shifts towards higher temperatures when a magnetic Ho= kE €kCiCiko » 1)
field is applied and almost flattens at 7 T. The magnetoresis- 7
tance exceeds the value of 60% at room temperature anghere
high magnetic field.

It is of general interest to investigate this compound in €= 2t[cogka) +cogkb)+codk(a—b)}] (2
order to understand the nature of the large negative magne-
toresistance in magnetic-layered rare-earth-based systenis.the energy dispersion withbeing the hopping term be-
The non-Jahn-Teller nature of the Gdienter and B char-  tween nearest neighbors. The fundamental translation vectors
acter of conduction electrons there allows to exclude the efin the basal plane ar@=a(1,0) andb=a(1/2,/3/2).
fect of the strong electron-phonon interaction on the magne- In Fig. 1 the results fok, of a tight-binding calculation
toresistance properties. On the other hand, havirig 4 together with a resulting Fermi surface are shown. The
localized spins withS=7/2 and %l-conduction electrons as agreement with LSDA calculations was found fdr
found in local-spin-density-approximatiai. SDA) calcula- =180 meV> One can notice the following important de-
tions? the present case seems to resemble that of manganiteils. The conduction electrons at the Fermi surface in,Gdl
with a localized %, shell with S=3/2 and 3i-e4 conduction  lie much closer to d" point of the Brillouin zoneBZ) than
electrons. This suggest some similarities in the mechanisrim any ordinary rare-earth metal like Gd, for example. There-
responsible for the large negative magnetoresistance phésre, one would expect that conduction electrons are strongly
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1 linearly with temperature above the Debye temperature, and
pm IS the magnetic resistivity. The anomalies in the electrical
resistance around Curie temperature in fdte certainly
due to magnetis-f exchange interaction.t” K in a ferro-
magnetic metal, all the spins are aligned, the system is com-
pletely periodic, and the magnetic resistivity is equal to zero.
If temperature increases, the spins would fluctuate around
their average value resulting in the nonzero scattering of con-
duction electrons by localized spins. Since the fluctuations
become very strong arourid,, one would expect the stron-
gest scattering there.

The differential cross section that determines the magnetic
resistivity can be calculated in Born approximation and one
obtaing
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FIG. 1. Calculated tight-binding energy dispersiep for the

triangular plane of Gdl (solid curveg for t=180 meV along the with

path (0,0} (,0)— (47/3,27w/3)—(0,0). For comparison, the

LSDA results(Ref. 2 are also showndotted curve The arrow 1 Tmll2

indicates the position of Fermi radius lknspace with respect tola 00:—{—} S(S+1), 7

point of the first Brillouin zone. Am| h

coupled to the ferromagnetic fluctuatiorgg<¢0) that play an vyherem i§ an effectiye masgS,S,) is a spin-spin cprrela-
important role close to the Curie temperature tion function, andS) is the average value of the spin in the

The interaction between conductiord5 and localized ordered phase. The main result of express@nis that the

4f7 electrons can be taken into account via a phenomenot-emperature_ dependgnce of t_he magnetic resistivity in the
logical s-f-like exchange model paramagnetic phase is determined only by the corresponding

temperature dependence of the spin-spin correlation function
o of the localized electrons. In the ferromagnetic reg{&@
Her= X 1(k ke KKIRg g, () increases continuously to reagtat T=0. Of course, at low
(k") enough temperatures E@) is not valid due to the neglect of
whereS=7/2 is the total spin of localized electrons and the additional scattering of carriers on the spin waves, which
is beyond the scope of the present analysis.
< =£[c+ Coi— ¢ ] The calculation of the spin-spin correlation function of
krk ™ Lok okT ke Pk LD localized spins in layered Ggtequires obeying the Mermin-
Wagner theorem. This will invalidate application of the ordi-

5k+rk:Ck+kai , nary molecular-field approximatioiMFA). However, due to
three-dimensional coupling one would again have a nonzero
- _—cf 4 Curie temperature. Therefore it is useful to reexamine MFA
Sk/k Ck’leT ’ ( )

results in order to see the importance of the strong fluctua-
are spin operators of conducting electrons in the secondions aroundT, and their effect on the conduction electrons
quantization form. The constant of tkef exchangel (k), is  already at this stage.
considered to be small enough with respect to the bandwidth |n ferromagnetic metals like Gglbr ordinary Gd we have
of conduction electrons. above the Curie temperatut®)=0. The short-range fluc-
We can explore here the perturbation theory, which is welkyations of the spins are directly included in MFA by intro-
investigated in the case ott.° For example, the most in- ducing the molecular fieldH, at point n caused by the

teresting second-order perturbation results in the effectivgearest-neighboring spir®, in the following manner
Ruderman-Kittel-Kasuya-YasidéRKKY) interaction of lo-

calized spins via conduction electrons. This leads also to a
ferromagnetic Curie temperature of localized electrons close (S,) =SB
to room temperature in Gsll

The electrical resistivity of Gdlcan be analyzed using
the following formula:

SH,
keT |’ ®

whereBg(x) is a Brillouin function. The molecular fielt,,

is equal to
P=PresT Ppht Pm, 5
wherep, is the residual resistivity due to impuritigs,, is <Hn>=,8£ 2 (Sw/) 9
the lattice resistivity due to a phonon and it varies roughly Zn 3%n
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FIG. 2. Calculated temperature dependence of the normalized
magnetic resistivity in MFA approximation fokca== (dotted
curve and kpa= /2 (solid curve. pq is the value of magnetic
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resistivity aboveT . without correlationgRef. 8.
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the magnetic part of the resistivity much stronger. This leads
to the anomalous peak aroufid for Gdl, whereas in the
case of Gd metal there is just a cusp reflecting the transition
to the ferromagnetic state. The physical origin of this feature
is due to the fact that in contrast to Gd, the carriers in,Gdl

the Fermi level lie two times closer tola point of the first

BZ where the ferromagnetic fluctuations take place. There-
fore, critical opalescence occurs aroufd resulting in the
strong scattering of conduction electrons. We have to notice,
however, that at small angles and long wavelength, the MFA
approximation is no longer valid as it is seen from EL)

and has to be improved.

In order to treat the behavior of the critical spin fluctua-
tions of localized 47 electrons for the real layered structure
of Gdl, we use a following random-phase-approximation-
like phenomenological ansatz for the spin susceptibility in
the temperature region aboVg:

iy(q,w)
Q) x24(Qq) o+iy(q,w)’

Here, y(q,w) is the damping function of the spin fluctua-

_ X2d(Q)
X(q!w)_ 1_Jl(

(13

tions, andJ, (q) is the Fourier transform of the ferromag-
netic exchange of localized spins between different layers.
The denominator of Eq(13) determines the ferromagnetic
Curie temperature.

Generally theg dependence df, (q) andJ;(q) are due to

with B8 being a constant and, being the number of the
nearest neighbors of. After a few straightforward calcula-
tions one arrives at the following resdit:

-1
T sin 2k asing) the RKKY interaction mechanism leading to an oscillating
D (SoSh) aRe_ | 1 ¢ F 2 function. In the two-dimensional case it variesragsinkgr.®
~ S(S+ 1)e N : Simple analysis shows that the exchange between next-

0
T2kea S”’E nearest neighbors is three times smaller than between nearest
(10) neighbors but it is still ferromagnetic. One has to assume

also thatJ, (g) has its maximum agj=0 resulting in a fer-
wherekg is a Fermi wave vector of conduction electroas,

romagnetic transition af.. The Heisenberg type of the
is the lattice constant in the plane a@ds the angle between Hamiltonian with effective ferromagnetic exchange between
k andk’. Inserting Egs(8) and(10) into the scattering cross

neighboringS=7/2 spins is the reasonable approximation.
section(6) we can calculate the resistivity as The static part of the spin susceptibility in the plane,

Xx24(9), is assumed to have the Ornstein-Zernike form,
m

Pm=— 5 >
" zér

wherez is the number of electrons per atom anthe relax-
ation time given by

(11) X24(0)

1+ fngﬁ

with &,4 andx,4(0) being a magnetic correlation length and
uniform spin susceptibility, respectively. The calculation of
both quantities has to be done respecting the Mermin-
Wagner theorem, i.e., the paramagnetic spin susceptibility
and correlation length are divergent onlyTat 0 K. In par-

One can analyze now the temperature dependence of thgular, the following formula for the susceptibility was de-
magnetic resistivity for different ferromagnetic metals. Therjved by several authord~*?

main difference between Gd and Gdh the MFA is that in
the first case the conduction electrons belong to a bsoad
band but in the second case they occupy a narrdvb@&nd.
Therefore in the case of Gd the value lgfa appearing in
Eq. (9) is about or slightly bigger tham. On the other hand, where the values of, C, and C; depend on the level of
this constant in Gg@lcan be obtained from our tight-binding approximation. For a two-dimensional ferromagnet on a tri-
approach and it is approximately equal#é2. In Fig. 2 we  angular lattice with large spi®=7/2, one can use for ex-
show the results of normalized magnetic resistivity versusample either Schwinger bosdfi®r the modified spin-wave
temperature for both parameters. As a consequence in thkeory by Takahash? Since the results of both approaches
case of Gdj, the critical spin fluctuations arounti, affect are identical, we use the latter.

X24(Q) = (14

1 7%ke T do
—=W27TJ sin@d6(1—cosh) —.

T 0 dQ (12)

Cy

de(T)=C(T)'eXp[ =| (15)
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We refer the reader for the technical aspects to the origi-
nal work of Takahashi? We notice only that within the usual
Holstein-Primakoff transformations the Mermin-Wagner
theorem can be taken into account via introducing the addi-
tional constraint of zero magnetization in the direction.
Therefore, a new density matrix is obtained by minimizing
the free energy under thisonstraint with the help of a
Lagrange multipliew. This results in a self-consistent equa-
tion for the chemical potential and new expressions for the
thermodynamical characteristics like spin susceptibility and
correlation length?

For the ferromagnetic Heisenberg Hamiltonian on the tri-
angular plane the calculation of spin susceptibility and cor- T(K)
relation length is a straightforward extension of the original
work for the square plafi@with the only difference in en-
ergy dispersion for the spin waves,

2]
o

N
o

(mol/cm?)

mol
N
=}

1/

FIG. 3. Temperature dependence of the reciprocal magnetic sus-
ceptibility of GdL, measured in a field of 0.1 T and of the magne-
tization in an external field of 0.01 T. The dashed line is a Curie-

q \/§q Weiss fit to the high-temperature data indicating a paramagnetic
fiwq=J(0)| 6— 2 cosq,— 4 COSEXCO 5 Y|, (16  Curie-Weiss temperature of 48 K.
Taking this into account we obtain the following expression 7(9,00~Qe~Tc(qa)*?, (20
for the spin susceptibility and correlation length: ] o - )
where (), is a characteristic critical-fluctuation energy. The
1[ys] Y2 877\/§JHS form of the functiony(q,w) for finite @ is unknown. We
Eog(T)= %[7 ex| — | 17 only assert that the real and imaginary partsycdre of the

same order of magnitude whes~ (). The calculation of
the static spin-spin correlation function in E() can be

()= 1 exp{ 16\/§J|s2} 18 done using the fluctuation-dissipation theorem,
2d 6\/55\1‘ T '
o 2hV x5 AQ,
whereS=7/2. A comparison of the expressiofisd) and(15) (S(9)S(—q))o= f g_w “Xz—z(q_;;)w' (21)
yields the constantsC=1/6y3SJ, 1=0, and C, 0 2T gug(l—e ")
=16y3JS%. , . o . .
Substituting Eq(18) into Eqs.(14) and(13) we obtain the  WherexzA{d,) is the imaginary part of the dynamical spin
Curie temperature as susceptibility of Eq(13).
The presence of a magnetic field changes the situation
16\/§J||82 significantly. Firstly, the value ofS) in Eq. (6) becomes
kgTee ————. (199  nonzero even abovE;. Therefore, one would expect a de-
6\/§J”S crease of the magnetic resistivity as has been observed in the
In 3 experiment. Physically this results from the fact that the ap-
1

plied magnetic field reduces the critical fluctuations around

This result is quite natural for a quasi-two-dimensionalT.. However, the spin-spin correlation function is quite dif-
Heisenberg system and reflects the fact that a nonzero traferent in the cases of wealgfH<(,) and strong guH
sition temperature is caused by the interplane coupling >(),) magnetic fields. In the latter case all fluctuations are

We can estimate the ratio df /J; from measured high- strongly suppressed, resulting in the disappearance of the
temperature susceptibility and Curie transition temperaturenagnetic part of the electrical resistivity in accordance with
Figure 3 displays the high-temperature reciprocal susceptformula (6). Moreover, the three-dimensional magnetic cor-
bility and the inset shows the magnetization of a £dl relation length in the presence of a strong magnetic field
sample indicating a Curie temperature of Z86K (accord-  changes its forf to &(H)=a(kgT./guH)?®. As one can
ing to Arrotts plotg and a paramagnetic Curie-Weiss tem-see it diverges al =T, only whenH=0. Therefore, there
perature ® of 4123) K. Using O =(2/3)S(S+1)Z,zJ; will be no specific changes in the resistivity around This
where z; is the number of neighbors interacting with ex- kind of behavior was indeed observed experimentally. In
change constad we arrive at effectivdd~6 K takinginto  fact, for the applied magnetic field exceeding 5 T the resis-
account six in-plane metal-atom neighbors. Furthermore, ugance shows no anomaly arouiigd and only a slight change

ing Eq. (19) we obtain alsal /JH%O.OS.15 with increasing field. This indicates the nonmagnetic origin
Let us now turn to the analysis of the damping function inof the remaining resistivity.
Eq. (13). In general,y(q,) is known only in various limit- On the other hand, the effect induced by a weak magnetic

ing cases. Since we are interested mainly in the close vicinitfield can be analyzed using an expansion of the static spin
to a Curie transition temperature, we can use it in a formsusceptibility y, and damping functiony, in powers of
obtained earlier for the critical regidf, (guH/Q) on the basis of the generalized dynamical scaling
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hypothesis’ In the critical region, i.e.gq>¢ ! the expan-
sion was first obtained by Lazuta and co-work¥rs:

3/2 g/.LH 2
Qe

1

£q

H 3/2
1+ 'g(’;H (%) } 23)

1 3/2( g,uH
éq Qe

This expansion provides a natural explanation for the sup-
pression of the resistivity due to the external magnetic field
as a result of an increase of the damping of the critical spin 0 . .
fluctuations. On the other hand, the magnetic field also 0.9 0.95 1 1.05 11
slightly shiftsT.. This effect is quite clear if one remembers T/T,
that even in MFAT . will increase by applying a magnetic
field. Therefore the peak in the resistivity will also shift to-
wards _hlgher temperatures. . .in the critical region for various magnetic field$d €0.01 T, solid

In Fig. 4 we present the calculated normalized magneti urve: H=0.03 T, dotted curveH=0.06 T, dashed curvet
resistivity versus temperature together with experimentazl T dash.ed-do,tted curyeThe corres.pondi,ng experimentalldata
data obtained earliéfor var_ious sr_nall magnetic fields up to are taly<en from Ref. 2 and shown as circles, squares, rhombs, and
1T. The results were obtained with the help of E(f.and  riangles, respectively. The inset shows the calculated curves for
(13). For H=0 the resisitivity has an anomalous peak cen-proader temperature region.
tered around ; due to the strong scattering ofl'sonduction

electrons on localized ¥4 spins. In particular, the three- lied ic field. Th | K of th
dimensional magnetic correlation length of localized spins® @0 applied magnetic field. The anomalous peak of the

diverges aff =T, and therefore leads to an enhancement 0‘resistiv-ity near the Curie 'Femperature is the result qf a strong
the scattering of conduction electrons. With applied magneti§Cattering of 82 conduction electrons by the localized’s
field the resistivity decreases and the anomalous peak &Pin multiplets withS=7/2. Itis due to a specific topology of
washed out due to nonze(($> induced by magnetic field the Fermi surface and the Iayered character of the system.
aboveT, and quadratic correction to the damping, respecWe have investigated the influence of the external magnetic
tively. In the vicinity of T, where the critical spin fluctua- field in two limiting cases. A weak magnetic field causes a
tions play an important role and our analysis is applicableslight increase of the damping of the critical spin fluctuations
the agreement between theory and normalized experimentahd a nonzero magnetization even abdye That produces
data is quite remarkablé€.Beyond this region the expansion both, the broadening of the peak as well as its suppression.
(24) does not hold and the effect of critical fluctuations is On the other hand, for a strong magnetic field, the spins align
overestimated. In the inset we also present the calculatealong the field direction and their fluctuations are reduced.
curves in an extended temperature region. Note that thghis results in a suppression of the scattering channel for the
broad maximum of the resistivity curve arouiid observed  conduction electrons by localized spins.

in the experiment can be caused due to a presence of the

short-range order above Curie temperattiend inhomoge- Itis a pleasure to thank A. Zvyagin, V. Yushankhai, D.
neities of the sample. Manske, and K. H. Bennemann for stimulating discussions.

In summary, we have ana]yzed the temperature deperone of US(lE) would like to thank the financial Support of
dence of the magnetic resistivity for Gdind its dependence CRDF Grant No. REC. 007.

x(a,H)=x(aq)| 1+ , (22

¥(Q,0,H)=y(q,0)

PulTV/Pu(TS)

1

kBTC( H ) = kBTC 1+

2
} . (24)
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FIG. 4. Normalized magnetic part of the resisistivity with re-
spect to its value af. and zero magnetic field versus temperature
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