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Giant magnetoresistance in Fe_,Co, /Cr(001) trilayers
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We have investigated the magnetic and magnetotransport properties of wedge-shaped
Fe,_,Co,/Cr/Fg _,Co, trilayers grown by molecular-beam epitaxy on,@k (1102) substrates with the Co
concentratiorx ranging from 0 to 0.2. A completely antiferromagnetik=M) coupling with zero remanence
is obtained in both pure Fe/Cr and alloy;FeCa, /Cr samples at a Cr thickness of about 10 A. The giant
magnetoresistand&MR) of the AFM coupled Fe/Cr trilayer is about 5.5% at low temperatures. With increas-
ing Co concentration, the GMR effedip/pg, decreases drastically, having an amplitude of only 0.7% at
=0.2. In the pure Fe/Cr trilayer, there is a strong reduction of the GMR effect with increasing temperature. In
contrast, the GMR of the samples with alloy magnetic layers is only weakly temperature dependent because of
an increase of the net change of the magnetoresistanceayith temperature. The strong decrease of the GMR
effect in the alloy trilayers is tentatively ascribed to the possible loss of the band matching of the minority-spin
band, which is important in the Fe/Cr superlattice. The temperature dependefgeabffinite temperatures
can well be interpreted by introducing a positive linear temperature term together with a negative quadratic
term, which are attributed to spin-dependent electron-phonon scattering and spin-flip electron-magnon scatter-
ing, respectively[S0163-18208)04905-4

I. INTRODUCTION nates from spin asymmetry in the scattering time. Actually
there is ample experimental evidence that the spin asymme-
Since the discovery of the giant magnetoresistancery of the interface scattering is the dominant contribution to
(GMR) in magnetic multilayers,the origin of the phenom- the GMR effect in magnetic multilayef8.Assuming single
enon has been extensively discussed and it is usually undegr impurities as scatters in the Fe/Cr interfaces a strong
stood in terms of spin-dependent scattering of conductiomsymmetry in the scattering time for the spin-up and spin-
electrons at the interfaces or within the magnetic lagdise  gown electron actually has been predictéd.
interface scattering is believed to be dominant in CIP-GMR  The systematic study of magnetic alloy multilayers, al-
(current in the plane and CPP-GMRcurrent perpendicular  though being rather scarce in the literature, can give infor-
to the plang is more sensitive to bulk scatterifigconcern-  ation on the mechanism of the GMR effect. Inomato and

ing the amplitude of the GMR effect in different multilayers, Saito have show that the GMR of Co/Cu can be enhanced

the mechamsm_s involved are still subject of discusSiém. by alloying Co with a small amount of Fe, but the addition of
Fe/Cr superlattices the GMR effect can reach values of morg. . Co. Ni./Cu multilayers was shown to decrease the
1—x"Mx

than 200% when the superlattice consists of thin magneti&MRB The study of Fe_,Cr,/Cr multilayer@* revealed an
. —X X

layers with sharp interfac€sOn the contrary, only a very . .

srzall value of IeZS than 1% of the GMR hgs begn achigvewcrease of the GMR at low Cr concentrations. These results
in antiferromagnetically (AFM) coupled Co/Cr super- ave been regarded as an indication that scattering at the
lattices®’ random magnetic potential at the interface is the main scat-

Theoretical calculatiofs® considering both spin- tering process for the GMR. S .
dependent scatteriff’® and spin-polarized electron The main goal of the present investigation is a systematic
band$**°in the layered structure revealed that there are twetudy of the change of the GMR effect in antiferromagneti-
main contributions to the GMR effect. First, the polarizedcally coupled Fe ,Co,/Cr/Fe _,Co, alloy trilayers. To our
band structure in conjunction with any spin-independenknowledge, this alloy multilayer has not been reported yet in
scattering process can produce a large GMR effect, if théhe literature. In addition to introducing Co point defect scat-
Fermi velocities and/or the Fermi surfaces for the minoritytering, it is expected in a rigid-band picture that the addition
and majority electrons are differett'®In order to obtain a of Co will fill the majority band of Fe and change the ex-
very large GMR effect it seems that for one of the spinchange splitting. This should eventually destroy the match-
directions the band structure of the ferromagnetic layer anéhg between the minority-spin band of the Fe and Cr bands,
the spacer layer should be similar, i.e., the density of states and induce a corresponding change of the GMR effect.
Fermi level, the position and dispersion of the electron bands The paper is organized as follows. In Sec. Il the sample
should be nearly identicgband matching effettd. Forthe preparation and the experimental methods are described. In
two systems with exceptionally large amplitudes of the GMRSec. Ill we present the main results concerning magne-
effect namely Fe/C(Refs. 1,5 and Co/Cu- this situation is  totransport, magnetic, and structural properties. Discussions
realized for the minority-spin band and the majority-spinabout the GMR effect of the ke,Cao,/Cr/Fe _,Co, trilay-
band, respectivel}? ers and its temperature dependence are given in Sec. IV, the

The second main contribution to the GMR effect origi- conclusion is provided in Sec. V.
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[l. EXPERIMENTAL METHODS For the determination of the alloy composition, we used
electron microprobe analysis in a wavelength dispersive

mode, which allows the determination of the relative compo-
sition of Fe and Co to a much higher resolution than using

Using molecular-beam epitaxyMBE) we have grown
Fe,_,Co,/Cr/Fe _,Co, trilayers with a wedge-shaped Cr in-
terlayer on AbO5(1102) substrates with a (I}Ol)' ar!d & the energy-dispersive mode.

Nb(00D) buffer layer. The growth of Nb on sapphire is well  rhg interlayer exchange coupling properties of the trilay-
established and can be described by the following epitaxigyrs were characterized by magnetic hysteresis loops mea-
relation: sured via the magneto-optical Kerr effdMOKE) in a scan
mode. For measuring the in-plane component of the magne-

Al,0;  Nb tization, a longitudinal configuration with an incidence angle
_ _ of about 45° was chosen. The MOKE signal was determined
[1120] | [110] using a Faraday modulation technicf§eThe rather high
modulation amplitude and the use of lock-in techniques pro-
[0001] | [a217] vides an angular resolution of better than‘fdegree§.8
Hysteresis loops were measured in scan steps of 1 mm for
[1100] | [112]. magnetic fields along botf100] and[110] of the trilayers.

For the measurements of the magnetoresistance, a con-

The Cf110] exactly aligns with Np110]. All samples ventional four-probe method was employed with the current
were prepared in a conventional UHV chamh@&BER, inthe plane(CIP) and the magnetic field applied parallel to
EVA32) designed for metal epitaxy. The base pressure of théhe film surface. The specimen studied here were cut from
system is about % 10~°Pa and the working pressure is bet- the wedge-shaped sample with a width of about 2 (atong
ter than 2< 10~ 8Pa. The sapphire substrates have a miscut othe wedge direction For better electrical contacts four gold
less than 1.5°. After chemical etching and rinsing, the substripes were sputtered onto the surface of the specimen. Sil-
strates were transferred into the introduction chamber an¥er glue was used to contact the specimen with gold wires of
annealed at 500°C. Afterwards the substrate was annealéd05> mm in diameter. For measurements at room temperature
again at 1100 °C fol h in thepreparation chamber. Prior to (@bout 296 K and liquid-nitrogen temperatur@7 K), the
the growth of the trilayer, a Nb buffer layer of about 100 Magnetic field was generated by an electromagnet and con-
A was first grown at 900 °C and then annealed at 950 °C fo;roll_ed _by ca_librated Hall sensor, whereas for measurements
30 min in order to achieve a single-crystal growth of Cr andat liquid-helium temperatures, a superconducting sol_enoid
Fe,_,Ca, in the bcc[001] direction. Then a Cr buffer layer Was usgd. All re_5|st|V|ty mggsurements were made using an
of about 100 A was grown at 450 °C, followed by an an-ac-lock-in technlque_, p_rowdmg a resolution of 10 For
nealing step at 750°C for 30 min. The measurements at liquid nltrog(_an and room temperature,
Fe,_.Co,/CrlFe _,Ca, trilayer was grown at a substrate whole tra(_:es of the magnetor_e5|stance _qups were taken_. In
temperature of 300 °C. A Cr caplayer of about 50 A wasthe follow[ng', Fhe magn.etore3|stance rat!o is Qeflned relative
finally grown to prevent the trilayer from oxidation. Both Fe 0 the resistivity(or resistanceat saturation fieldsd) as
and Cr were evaporated from effusion cells. The depositioﬂip(H)_Ps]/Ps>< 100%.
rate was 0.2 A/s for Fe and 0.16 A/s for Cr. Co was evapo-
rateq by an electron_ gun with a rate of about 0.02 A/s, as . RESULTS
monitored by an optical rate controller. The;EgCo, alloy
layers were prepared by a simultaneous evaporation of Fe Figure 1 shows typical small-angle x-ray-reflectivity spec-
and Co. tra of the Fe_,Co/Cr/Fe_,Co, wedge-shaped trilayers

The nominal thickness of the magnetic,FeCo, layers is ~ with different Cr thicknesses. The open circles represent the
about 30 A |, the wedge-shaped Cr spacer ranges from abo@xperimental data and the solid lines are fits to the data using
4.5 to 13 A with a gradient of 0.16 A/mm on average overa modified Parratt formalism including root-mean-square
the whole 50 mm long substrates. In the present study weoughness parametessfor all interfaces and the surfaéé.
have grown a series of samples with the alloy compositionThe interference fringes are due to the finite thickness of the
ranging fromx=0 to x=0.2. films. The insets of the figures reproduce the electron-density

The layered structure of the films was characterized byprofile normal to the film surface, which is obtained from the
small-angle x-ray reflectivity scans together with quantitativefit and denoted by & with 286= (A% m)rop,(Z+ Af).2%%
electron microprobe analysis. A medium resolution double{Here\ is the wavelength of the radiatior is the classical
axis diffractometer equipped with a graphite monochromatoelectron radiusZ is the atomic form factorAf is a disper-
was used for the x-ray-scattering experiments. For the corsion correction, ang, is the density of atomg.
finement of the CWK, beam size, a horizontal slit of 0.15  The thickness and roughness parameters resulting from
mm in width was used together with vertical slits of 0.2 mm.the fit in Fig. 1 are given in Table I. Starting from the surface
For determination of the Cr wedge thickness, we usualljthe sample consists of a roughly 20 A thick oxide surface
measured the sample at 3 different positions along théayer, a Cr top layer of about 46 A, the trilayer comprising
wedge. The experimental data were fitted using a modifietio 30 A thick Fe gdCay o layers with a wedge-shaped Cr
Parratt formalism incorporating random thickness fluctua-spacer in between, a Cr buffer layer of 102 A and a Nb
tions at the interface¥. For confirming the in-plane crystal buffer layer of 62 A on the average. The Cr wedge has a
orientation, grazing incidence x-ray-scattering techniquedateral thickness gradient of about 0.157 A/mm with 4.3 A at
were used. the thin end and 12.2 A at the thick end of the sample,
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3fe TABLE Il. Structure parameters of Fe,Cao /Cr trilayers on
10°F =4 . L .
102 22 the AFM coupling position, as derived from small-angle x-ray-
10! ar reflectivity measurmentsD denotes the thickness of individual
) Oor *Depii (A layer.
|
g10¢ — D (A)
‘S 10° 22
B 102 © x=0 x=0.03 x=0.05 x=0.10 x=0.20
_g' 10tE et tag Oxide 18.7 17.2 16.0 21.0 21.0
S10% 11, Cr 315 48.2 29.5 29.7 45.6
= 104 Fe,_,Co, 23.6 37 34.3 30.1 30.2
102, Cr 9.8 10.0 10.5 9.6 9.8
ol Fe ,Co 237 377 34.8 313 316
100:111 Cr 71.9 121.5 108.2 101.9 102.4
A . Nb 58.0 92.8 89.6 74.7 62.0

FIG. 1. X-ray reflectivity spectra for an FgCq, »/Cr/Fe Cay »
trilayer with a Cr overlayer, a Cr and a Nb buffer layer on sapphirepling starts to become noticeable. For a Cr thickness of about
sub_sf[rates. The scans in |, II, and Il were measured from sz_implgo A, completely antiferromagnetic coupling is realized as
positions that are about 5, 25, and 45 mm away from the thin side ofhdicated by a zero remanence. It should be mentioned that
a 50 mm long sample. The solid lines are the fits to the data pointg,ar 4 large region of the wedge-shaped samples a mixture
using a modified Parratt formalism. The insets of the figures showy¢ piiinear and biquadratic coupling is preséﬁﬂ'he biqua-
the electron-density profile resulting from the fit dratic term can be modeled in terms of conventional non-
. eisenberg exchange couplidg(S;- S,)?. For different Co
correspondmg toa change of about 1 _mqnplayer of Cr per goncentrations the coupling properties with respect to Cr
mm. The interfacial r%ughngss for the individual layer are "Mihicknesses are hardly influenced, except for a change of the
the range of .1'.2_4'6 - Similar measurements 01ESmallﬂngkf%mplitude of the coupling constant. A complete antiferro-
X-ray reflectlwty.have been taken for_ all samples of themagnetic coupling is observed dg,=10 A in all samples.
present study with the Co concentratiar0, 0.03, 0.05, . It should be noted that the first antiferromagnetic maximum
and 0.10. The S”.“C‘“Fa' parameters for all samples StUd'el at 9—10 A in both Fe/Cr and Co/Cr superlattices. Thus we
her;()?;ﬁ;gggg'ﬁi%ﬂ Zfa,ﬁli ::{terla er exchanae counlin do not expect a large variation of the position of the first
in the Fa .Co./Cr/Ee. .Co. trila er)s/ with vargin CF; Ynaximum with alloying. The representative hysteresis loops
. 8 -x~k @-x~0 iy it varying | fPr this position of all Fe_,Co,/Cr/Feg _,Cao, trilayers are
thicknesses and Co composition, extensive investigations g ketched on the right panel in Fig. 4. A detailed interpreta-
the magnetic hyster_e5|s loops have bee_zn made al_ong both t n of the coupling properties Witﬁ réspect to Cr thickness
hard and easy axis, respectively. Figure 2 displays th nd Co content will be given elsewhefe
Phoermiczgde_rsizaggm Crrnagtll:i?:tlliaetézgs as%ora t]:]JQCt'ggmol The GMR effect in magnetic trilayers is usually quite
9 P P€mall compared to that of multilaye?s,because trilayers

F&y.5d000 20/ CI/F&, 5gC0 20 @S an example. The insets show possess less interfaces than multilayers. Therefore, the usual
four representative hysteresis loops measured alond €

axis. For a Cr thickness less than about 5.2 A, the hysteresic position (mm)

loop shows only ferromagnetic coupling with a high rema- 0 10 20 30 40 50
nence. With increasing Cr thickness antiferromagnetic cou- ~ ' ' ' '
TABLE I. Structure parameters resulting from simulation of the 'g j / / I
small-angle x-ray reflectivity using a modified Parratt model for 54 == == ]
sample FggCoy,/Cr/Fe, ¢Cqy,. D and o denote the thickness of » /H<k0e> H (kOe) H (kOe) H (kOe)
each layer and roughness at each interface or surface, respectivel 1+
Position I, 1l, and Il correspond to a distance about 5, 25, and 45_=
mm away from the thin end of a 50 mm long sample. p=
0.5}
I I 11
D (A) o D (A) o D (A) o
Oxide 200 17 216 1.0 210 10 o ; 5 0 5
Cr 45.7 7.4 455 7.9 45.6 7.1 A (K
Fe.86C00.20 30.1 4.0 30.7 4.4 30.0 2.9 FIG. 2. Normalized remanent magnetization as a function of Cr
Cr 5.2 4.6 8.1 4.3 112 12 thicknessesd¢, for the sample FgCaqy,/Cr/Fe ¢Caq,, obtained

Fey.sC0.20 316 23 321 33 312 26 from magnetization loops measured by MOKE. The insets show

Crputer 1013 10 1031 21 1028 1.3 fourrepresentative loops for different Cr thickness regimes. A com-
ND pufrer 61.4 3.0 62.9 2.8 61.8 1.8 pletely antiferromagnetic coupling occurs at about 10 A. The upper
Al,O4 2.7 2.4 25 X axis gives the actual position of each measurement along wedge-

shaped sample.




2958 C.T.YUetal 57

0.12 ~ 77K . Fe,.Co,/Cr
_____ ]()ng. ’A\ § | — RT /,5'\\\ 1-x—9% R‘T/'
§ 0.08 trans. [ u\ g /,5’ ‘:21\ x=0
‘6’ 004 —in 45 4 TN
g ol I A
a4 Y 5 x=0.03
2 | Of -

S
o
K
T
«=l77

x=0.05

—_

z M (arb. units) |}

=)
<
o0
MR ratio [%]
/’,
M (arb. units)

~~
X 0.8 .
~ 1 /’\\
2 06 _"/\s‘ x=0.10
S 04 0
QE‘ 02 Wk
0p= A A S x=0.20
C 42 6 0 6 12 4 2 0 2 4
4 3 2 -1 0 1 2 3 4 H (kOe) H (kQe)

FIG. 3. Magnetoresistance curves measured in different con- FIG. 4. Magnetoresistance curves for, FgCo, /Cr/Fg_Co,
. . . . . ) . . l —
flguratlo.ns.wnh the current parallel, perper?dlcullar, and in 45. to thetrilayers with different Co concentrations at room temper;ture and
magnetic fldeld_fgrzszmp_Itist_@sCOO_%/Ctr_ with dllffer%ntdCr_tglc():I;- 77 K, with the external field applied along the hard g#i%0] of the
nesses(a de,=5. with ferromagnetic couplingh) dc,=10. films in longitudinal configuration. The related magnetic hysteresis

A with antiferromagnetic coupling. The insets of the figures Sh0W|00pS obtained from MOKE at room temperature are plotted on the
the magnetic hysteresis loops. For both longitudinal and transversr(?ght panel

configurations, the field is applied alohg10] axes. For 45°, the
field is along[100] axes. temperature and 77 K. All MR curves shown in this figure

anisotropic magnetoresistan@MVR), which depends on the Were measured in a longitudinal configuration with the mag-
relative orientation between magnetization and sensing cuf?€tic field applied along thigt 10] direction of the film. From
rent, must be considered, particularly when the Cr thicknesdiS figure it can be seen that at low fields all MR curves
is not in the range of complete antialignment of the submagShoW an apparent jump. This is a typical feature of MR
netizations. For clarifying the AMR effect we have measuredCUrves with cubic symmetry when the magnetic field is ap-
the magnetoresistance in different configurations with rePlied along[110] axis™ From energy considerations, it cor-

spect to the angle between the current and the external fiel@@SPONdS to a magnetic phase transition from an antialigned
In Fig. 3, we show the anisotropic magnetoresistancétate allowing onlyacohere»nt spin rotation to a state with the
curves for two typical samples of FgCa, os/Cr trilayers ~ submagnetizationsl; andM, lying in directions symmetri-
with ferromagnetic couplinga) and antiferromagnetic cou- cal to the external field directiofl10]. At higher fields the
pling (b), respectively. The insets of the figures show theMR ratio shows a nearly linear variation with the magnetic
corresponding hysteresis loops. The magnetoresistandigld and a well defined saturation field. This feature implies
curves are measured in longitudinal configuration, transverséat the influence arising from magnetic disorder at the inter-
configuration, and in 45° configuratiofi.e., the magnetic face due to roughness is negligible, thus indicating the high
field was applied at 45° to the currénor the ferromagneti- quality of the films.
cally coupled sampléthe upper panel of Fig.)3only the The MR ratio as a function of the Co concentratiotis
AMR is observed. For the longitudinal and transverse conplotted in Fig. 5. For the pure Fe/Cr/Fe trilayer, the MR ratio
figuration, the magnetoresistance shows positive or negativié about 5 and 2% at 77 K and room temperature, respec-
slope with the magnetic field, as expected. The AMR effect
is ascribed to the spin-orbit interaction and depends upon the
angle between the current and the magnetization &9.86s
Therefore, for the measurement in 45° the AMR effect is
eliminated approximately as actually seen in the figure. The
typical magnetoresistance curves for the antiferromagneti-
cally coupled sample are shown in the lower panel of the
same figure. Owing to the AMR effect, the magnetoresis-
tance measured in transverse and longitudinal configuration
shows a small reduced and enhanced amplitude, respectively.
For all trilayers studied here, the variation of magnetoresis-

6

o 77K
e 296K

MR ratio (%)
S

[\
P

tance due to the AMR effect is on the order of 0.1% and thus 0 — —— :
about an order of magnitude lower than the GMR effect. For 0 0.05 01 013 02 023
the antiferromagnetically coupled samples discussed below,
the magnetoresistance is dominated by the GMR effect. FIG. 5. MR ratio as a function of Co concentration for

In Fig. 4, we show the MR curves for the AFM coupled Fe,_,Ca,/Cr/Fg _,Co, trilayers at 77 K and room temperature.
position of the Fe_,Co,/Cr/Fg_,Cao, trilayers at room The drawn lines are a guide to the eye.

X —>
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X—
Py 0.1 02 03 ol Fe, Co,/Cr
= .| Fe, Co /Cr -0 x=0
g 30} 1-x X § D’D\\\\\D -~ x=0.03
a 20d N N \D\D -o- x=0.05
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Og._
S2t Th
A= 00N 0000,
§f§i:::.?i*%€5§i’—ﬁ%i§$’§i?ﬁ
0 1 . 1 . 1 N 1 N
0 70 140 210 280 350
. T (K)

0 60 120 180 240 300 . . . .
T (K) FIG. 7. MR ratio for different Fe_,Ca, /Cr trilayers as function

of temperature. The lines are a guide to the eye.
FIG. 6. Upper panel: the extrapolated residual resistivity of the
Fe _«Co,/Cr/Fe_,Coy trilayers as function ofx. Lower panel:  GMR effect in the Fg_,Ca,/Cr/Fe _,Ca, trilayers in more
normalized resistivity of the Re,Ca,/Cr trilayers as function of  detail, we have plotted the temperature dependence of the net
temperature. change of the magnetoresistanke in a saturation field and

tively. This strong temperature dependence of the GMR ef2S"0 field over the temperature regime between 77 K and

fect is consistent with previous reports for Fe/Cr multilayersroom temperaturéFig. 8. In this figure, the net change of

: . YR ; the magnetoresistance is normalized by the value at 77 K.
n the_ literature’ W.'th add'ng Co th'.": .GMR effect decreases The temperature dependence &p changes qualitatively
drastically and rapidly. Quite surprisingly, even for a small

. 0 ; ‘when adding Co. For the Fe/Cr trilayekp decreases mo-
concentration of 3 at. % Co, the GMR effect is sirongly sup notonously with increasing temperature. For all the alloy

pressed with an MR ratio of only 1.1 and 0.6 % at 77 andF Co./Cr/Ea _.Co. trilavers there is a clear increase of
296 K, respectively. With further increase of the Co concen- €1-x-0x 8-~ y

tration, the change of the MR ratio is much weaker. Ap with increasing temperature up to about 200 K, followed

At the first sight, one might assume that the concentratiorg %saefl'ggt dgglr(e?esri défaio:eh'gge;rtlzgﬁféaé?rﬁi -I'\—/thl;Sr’atth: in
dependence of the GMR effect in Fig. 5 could simply be ved w peratu P 101

explained by disorder scattering in the alloy system. |_|0W_the trilayers with alloy magnetic layer in Fig. 7 is due to an

ever, from Fig. 6, one can see that the residual resistivity fopnusual increase alp with temperature.
individual samples is irregular with respect to the Co con-
centration, indicating that the alloy disorder scattering is not IV. DISCUSSION

fche main contribution to the tptal_resistivity of the films. This  The main result of the present paper is the strong decrease
is easy to un_derstand conS|d.er|ng thg real s.trucpur(.a .of thf the GMR effect in Fe ,Co,/CrlFe _,Co trilayers, com-

film. As Qesc_nbeq above, the film conasys of eight '”d'V'dualbined with a qualitative change of the temperature depen-
layers with eight interfaces, the magnetic trilayer only has gyence of the GMR effect even at Co concentrations as low as
thickness of about 70 A compared to a total thickness ok 5 o5 For higher Co concentrations the further change of

about 230 A for the film. In a resistor array model, the jhe GMR is only moderate. We will first discuss the change
trilayer only contributes about 30% of the conductivity and ¢ the amplitude of the GMR and then come to a discussion
the main contribution to the residual resistivity comes ¢ the temperature dependence.

from the interface scattering. The influence of disorder scat-

tering in the alloy layer arising from Co point defects, which 25

enters into the GMR by adding to the residual resistivity at Fe, ,Co,/Cr

saturation fielths is not important in these films. The drop of  ox=0 | fit: a+bT-cT?
the GMR effect at low Co concentrations must have another o 2| , y-003

origin. 2 o x=0.05 . .

In contrast to the strong reduction of the GMR effect with & ® x=0.10 e L L T
temperature in Fe/Cr, the alloy FgCao,/Cr/Fe _,Co, = 15l wx=020 .:\é& ,_:él_:-%:gg%\ﬁ h
trilayers exhibit a much weaker temperature dependé&ee g s vy {5553;;%\
Figs. 4 and b For the samples witkk=0.03, 0.05, and 0.1 s
the MR ratio decrease slightly between 77 K and room tem- Z
perature, for the sample witk=0.2 the MR ratio at 77 K
and room temperature is nearly identical. The temperature
dependence of the MR ratio for different Co concentration is 0 00 150 300 250 300 350
displayed in Fig. 7. For pure Fe/Cr the GMR effect is T (K)

strongly temperature dependent. For the alloy trilayers, how-

ever, the MR ratio is only weakly affected by the tempera- FIG. 8. Normalized net change of magnetoresistafipein a

ture. saturation field for different Re ,Co, /Cr/Fe _,Caq, trilayers. The
In order to characterize the temperature dependence of thiees are the fits to the experimental data.
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A. The origin of the decrease of the GMR effect TABLE lll. Fitting parameters from the simulation of the net

We first stress that the strong decrease of the GMR irir;ir}‘c;i ;i l;nTa_ggitzo;grsu?i?fg?:ntaEqa (f:u;((;tg?,:;f tcegj F;ﬁ[:;fre by
=X —X

Fe,_4Ca /Cr at low Co-concentration seems to be specific g For details, see main text.
for this alloy system since it has not been observed in other
systems  like Fe ,Cr,/Cr, Co,_,Fe/Cu, and  samples a b c
Co, _,Ni,/Cu. First one might assume that this concentration

dependence is due to the loss of band matching for thBE812 (x=0)

9.9%-1 5.1%k-4 4.86-6

minority-spin band with alloying. As mentioned in the intro- MBE886 (x=0.03) 1.08-1 13%-2 3.1%-5
duction, in the Fe_,Co, alloy the majority-spin band is ex- MBEB841 (x=0.05) 7.24-2 1.36-2 3.2%-5
MBE837 (x=0.10) 4.64-1 8.64-3 2.04-5

pected to be filled up with increasing Here it is helpful to
refer to the Slater-Pauling curve as a guide, which shows a
increase of the magnetic moment inEgCa, with Co con-

. N 35 . .
centration up tox~0.3. Regarding the density of states for scattering for the two spin channels can be spin dependent.

the majority band of F&,one finds that for filling up the The electron-phonon scattering rate in Boltzmann theory is
majority band of Fe only about 5% electrons/Fe atoms argjiven by

required. Thus, the increase of the magnetic moment up to
30 at. % Co is mainly due to a change of the exchange split- < 1 > o 2

MBE832 (x=0.20) 5.6@-2 1.4%-2 3.2%-5

I
ting A. The change oA certainly will change the matching = cN  (g) < ““> k T. )
behavior between the Cr bands and the minority band of Ao IE
Fe _.Co,. If the Cr band lies between the spin-up and spin- . . .
down bands of the Re,Cag, alloy, step potential barriers with the spin-dependent density 20f StatN%u)(sF)’ the
exist for both spin directions. In addition, the band structureMéan-square phonon ;requen¢w ), and the electron-
itself may undergo modifications on alloying with €Both ~ Phonon matrix elemeriti* ), which is also spin dependent.
variations can destroy the matching feature and thus dimin, as for the case of bulk Cbthe density of stateNT(sF)
ish the disparity between the potential barriers e”COU”tefeﬂndNi(sF) are very different, the electron-phonon scattering
bY tr?tel msu;)nty agd Tlnor:‘nt/hspmg at the mtterfac?r_?. Th'strate for the two spin channels can be different.
might lead to a reduction of the spin asymmetry in the scat- g electron-magnon scattering usually plays a more im-

terﬂg at the _IE@XCo,(/Cr m;n_erfa%els.th tonlv 3 at. % of Co i ortant role at higher temperatures. It was shtwhat the
owever, it seems questionablé that only s at. % 0T L0 Ny aqn0n scattering in antiferromagnetically coupled Fe/Cr

Fe can cause a definite modification of the band m"’ltCh'm;%uperlattices follows a Flaw well below the Curie tempera-
behavior in Fe/Cr, resulting in the strong reduction of the ure

GMR effect observed experimentally. The fact that a low Approximately, neglecting temperature-dependent elec-

concentration of (.:O in Fe can moo_hfy the GMR so Str.onglytron-electron scattering, the net change of the magnetoresis-
suggests that point-defect scattering on Co atoms is ver,

important. For Fe/Cr, a strong asymmetry of scattering by C?’ance ata given temperature can be written as
impl_Jrities in Fe e>§ist§? The addition of Co to Fe causes a Ap(T)=Apo+Apy(T)+Apn(T). )
partial compensation of the spin-dependent scattering of Cr
impurities, because Co impurities in Fe lead to an opposite Here Ap, denotes the primary part of the ground-state
spin asymmetry of the scatterin§This compensation effect GMR effect related to elastic scattering, which is assumed to
will certainly reduce the GMR effect. be temperature independentp, is the influence arising
from possible spin-dependent phonon scatteriag;,(T)
represents the influence coming from electron-magnon scat-
tering which causes spin flip and should yield a negative
As shown in Fig. 6, the temperature dependence of theffect on the GMR.
MR ratio is quite different for the pure Fe/Cr trilayers and for ~ According to the above assumption, we have fithgq( T)
films with alloy magnetic layers. The strong reduction of theby a second-order polynomial function. The fitting results are
GMR effect with increasing temperature is consistent withplotted in Fig. 8 as broken lines with the fitting parameters
previous reports in Fe/Cr superlatticds, and is interpreted listed in Table IIl. The fit to the experimental data is good
by electron-magnon scattering or significant spin fluctuationgvith a negative quadratic term and a positive linear term, as
of local spins®® causing spin mixing. In comparison, a less expected. This indicates that a common physical effect domi-
significant temperature dependence of the GMR effect wasatesAp(T) in all samples studied here. The positive con-
reported for the Co/Cu superlattit®,and attributed to stant of the phonon term implies that phonon scattering does
weaker spin fluctuations in C8. indeed contribute to the magnetoresistance. The negative
At finite temperature the inelastic temperature-dependentonstant in the quadratic term for both Fe/Cr and
scattering mainly originates from electron-phonon scatterindg-e, —,Co,/Cr samples is consistent with a destructive influ-
and electron-magnon scattering. Within the two-currentence on the GMR effect from electron-magnon scattering.
model, the electron-magnon scattering leads to a mixing oThe observation of the anomalous temperature dependence
the two spin channels, thus reducing the magnetoresistancd the magnetoresistance in the alloy; EgCo, /Cr trilayers
effect. The electron-phonon scattering, however, does not iris just due to the fact that phonon scattering dominates over
volve spin-flip processes. Therefore, the electron-phonothe magnon scattering up to temperatures of about 200 K.

T M<‘*’2> °

B. Temperature dependence of the GMR
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The spin-dependent scattering by phonons can only be olproperties of the trilayers have been investigated by x-ray-
served if the primary GMR effect in the ground state is mod-reflectivity measurements, MOKE techniques and magne-
erate and the effect from electron-magnon scattering is ndbresistance measurements. For the pure Fe/Cr trilayer, we
too strong. As a result of the spin-dependent phonon scatteobserved a GMR effect of about 5.5% at low temperatures.
ing, the magnetoresistandep may be enhanced with in- Adding small amounts of Co, the GMR decreases drastically
creasing temperature, as actually observed in all alloy trilaywith an amplitude of only 0.7% at=0.2. In contrast to the
ers. pure Fe/Cr trilayer, which shows a strong reduction of the
For the Fe/Cr trilayer, the dominant temperature effect oiGMR effect with increasing temperature, the GMR of the
the magnetoresistandep may come from magnons or spin samples with FeCo alloy magnetic layer is weakly tempera-
fluctuation at the interface, which causes spin mixing of theture dependent because the net change of the magnetoresis-
two electron channels. The spin-dependent phonon scatteringnceA p increases with temperature. The strong decrease of
part is less significant because of the comparable density dhe GMR effect with Co concentration is tentatively inter-
states(DOS) at the Fermi level for spin-up and spin-down preted in terms of a band matching effect, which is important
electrons in F&. With adding Co the majority band will be for the GMR in Fe/Cr. The unusual temperature dependence
filled up, and the asymmetry of the DOS at the Fermi levelof magnetoresistance in FgCaq /Cr trilayer with alloy
will increase. This, unambiguously, enhances the spinmagnetic layers is ascribed to an interplay between spin-
dependent electron-phonon scattering. On the other handependent electron-phonon scattering and spin-mixing
adding Co to Fe might stabilize the ferromagnetism at theslectron-magnon scattering.
Fe/Cr interface$! thus weakening the spin mixing due to

spin fluctuations. ACKNOWLEDGMENTS
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