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We have studied the tunneling resistivity and magnetoresistance of reactive sputter deposited FeHfO
and FeHfSIiO thin granular films. Maximum magnetoresistance ratios at room temperature of 2%
and 3.2% were observed for films with compositions of,/F€,;0,3 and FgyHfSigOys,
respectively. The magnetoresistance shows a decrease with temperature, which cannot be explained
by spin-dependent tunneling only. We propose that spin-flip scattering in the amorphoySiF@Hf

matrix causes this decrease as function of temperature. A two current model for the tunnel
magnetoresistance, taking into account spin-flip scattering, is presented which can describe the
observed temperature dependence of the magnetoresistanc&99&® American Institute of
Physics[S0021-89788)02917-X

I. INTRODUCTION focus on the temperature dependence of the TMR and resis-
tivity which has not been studied in great detail so far and
Recently there has been a great deal of interest in thehis yields additional insight into the mechanisms for spin-
magnetoresistanc@R) effect in materials which combine dependent conductivity. The unusual temperature depen-
ferromagnetic metals and insulators. The observed MR effeadence of the TMR of our films is in contrast with earlier
in these materials is often denoted as tunnel magnetoresistudies of, for example, Co4D; (Ref. 8 and FeSiQ (Ref.
tance(TMR) or junction magnetoresistan¢@VIR) because it 5) and cannot be explained with spin-dependent tunneling
is ascribed to the spin-dependent tunneling of electrons besnly. We propose a model for the temperature dependence of
tween two ferromagnetic materials across an insulating bartthe magnetoresistance in which we have included spin-flip
rier. scattering.
This TMR effect can be found in layered structures in
which a current flows from one ferromagnetic layeg., Co, Il. EXPERIMENT
CoFe across an insulating laygoften ALO;) to another

. X g q All films were prepared by rf diode sputtering on a
ferromagnetic layer in a so-called tunnel junctfthThe prep Y b g

! . . . S Perkin—Elmer 2400 machine, with a base pressure of about
preparation of these junctions is, however, rather difficult 3% %107 mTorr. at a sputter pressure of 3—4 mTorr from a

it.requires lithographic techniques or shadow evapor"f‘tiorl‘:e%Hf” target. The composition of the films was varied by
W.'th the help of mask;. TMR can also be obsgrved in a(:hanging the partial Ppressure of the Ar/©flow. For the

different class of materla_ls, the so—palled_cermet films. T_hesgputtering of the FeHfSiO films 4% of the target was covered
are composed _Of .metallhc magnetic grains embedded in ay, g; pellets. The films are sputtered on glass and the
insulating matrix, in which the probability for electrons to ihickness of the FeHfO and EeHfSiO films is 2.1 and 0.7
tunnel from one grain to another depends on the reIatlveiLm’ respectively. The composition of the materials was de-

orientation of the magnetic momepts of the grains. Se"_er%rmined with electron probe microanaly¢&PMA). Details
granular systems have been studied, for example Go5IO o the microstructure of these films will be published in a

i~ 45 6-8 i . L e
FeSiQ,*® CoAl,0,°* and FeHfO” Among these materials separate articl&® Resistivity and TMR measurements were

there is particular interest in FeHfO not only for its magne-qane in a standard four point contact geometry with current
toresistance but also for its soft magnetic properties? and field in the plane of the films.

In this article we report on the observed TMR in reactive
sputter deposited FeHfO and FeHfSiO thin films. We will Il. RESULTS AND DISCUSSION

Sauth A J hould be add i el Figure 1 shows the MR ratio as a function of the applied
Author to whom correspondence shou e addressed; electronic maik: . H
Strijkers@phys.tue.nl field at room temperatureT of a 5Hf10043 film. The MR is .

bpresent address: Philips Research Laboratories, Prof. Holstlaan 4neasured with current_ either perpendicular or pa_\rallel with
5656 AA Eindhoven, The Netherlands respect to the applied field. As can be seen, there is almost no
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FIG. 3. X-ray diffraction 6-26 scan with CuK, radiation for (a)
FeyHf14043 and(b) Fe,gHfsSigO,s. The patterns display clear Fe peaks from
the grains, a large amorphous background, and a peak around 30°, which
possibly results from a combination of HfOFe,O;, and SiQ crystalline
phases.

FIG. 1. MR ratio as a function of the applied field at room temperature for
FeyHf1O43 with current perpendiculafa) and parallel(b) with respect to
the applied field. The MR ratio is defined d»—p(B=1.3T)]/p(B
=1.3T)x100%.

difference between the two geometries, which shows the alyyidized and insulating. In both cases the TMR at room tem-
sence of a significant contribution of an anisotropic MR ef-perature peaks near the percolation limit where a small bar-
fect. The MR curves of this film are typical for all of our rier petween the grains can be expected. The TMR for the
FeHfO and FeHfSIO cermet materials. FeHfSiO films has a maximum of about 3.2% for the com-
We have prepared a series of FeHfO and FeHfSIO fimsosition FggHfsSigO,e For the FeHfO films the maximum
in which we have varied the partial @ressure during the TR of approximately 2% appears at higher Fe concentra-
sputter process. This allows us to fabricate films with differ-tion for the film with composition FgHf;¢0ys.
ent Fe concentrations. Figure 2 shows the Fe concentration Next we present the temperature dependence of the re-
dependence of the TMR and the resistivity at room temperasistivity and the TMR ratio of the FeHfO and FeHfSiO films.
ture. The resistivity is extremely large and increases stronglyye will focus on the films around maximum TMR because
with decreasing Fe concentration. This can be understood agey are believed to have an optimal grain size and separa-
follows. For a large Fe concentration a metallic conductanc@on petween the grains with respect to the observation of
arises because part of the Fe grains are connected. For lowggin-dependent tunneling. X-ray diffraction with ®y, ra-
Fe content the percolation concentration will be giation for these films, presented in Fig. 3, display clear Fe
approachef~'®and the grains become electrically isolated peaks from the grains, a large amorphous background, and a
by an insulating amorphous Fe3)O phase resulting in  peak around 30° of which the origin is not clear, but possibly
tunnel-type conductivity with orders of magnitude larger re-thjs is a combination of HfQ Fe,0s, and SiQ crystalline
sistivities as compared to metallic iropde~100 cm).  phases. The temperature dependence of the resistivity of sev-

Note the difference in scale between the resistivity of FeHfOzra) FeHfO and FeHfSiO films, around maximum TMR, is
and the FeHfSIO films. For Fe concentrations below 45% folyresented in Fig. 4, plotted as lpgvs T~ Y2 This propor-

FeHfO and below 40% for FeHfSIO the layers become fullytionality should represent a thermally activated tunneling
current flowing from grain to grain through an insulating

\ matrix as calculated by Shengetal,’* % viz. p
(a) o FeHSiO
3l w  FeHfO
£ 10°
% 2 (@ (b) 1
Fe,Hf O
a A Gl e Fe, H.,S,0,,
o —_ —_
: - s . :
b e
151 (b) 41.5 % 10° =2
— — a (=%
£ £ Fe, 1,0
%_ é © i Fesst7Siso49
3.
‘o ©
z z 4 L L . . L N
a a %0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.4
0 ) T7(K7) T (K7)
35 40 45 50 55
Fe concentration (at. %) FIG. 4. Temperature dependence of the resistivity,dog T2 for sev-

eral (a) FeHfO and(b) FeHfSiO films with compositions around maximum
FIG. 2. (@) TMR and (b) resistivity p at room temperature as a function of TMR. The solid lines are fits to the experimental data according to
the Fe concentration for FeHfO and FeHfSiO. The solid lines are guides forcexp 2/(C/kgT), which represents a thermally activated tunneling current
the eye only. flowing from grain to grain through an insulating matrix.
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FIG. 5. Temperature dependence of the TMR (@r Fe,Hf ;045 and (b)

FeyHf,SiO,0. The solid lines are fits to the experimental data with the FIG. 6. Field-cooled and zero-field-cooled magnetic moment as a function
proposed resistor model for TMR in granular alloys, which includes spin-of temperature of FgHf;O,3.

flip scattering.

temperatures leads to a decrease of the TMRowever, we

xexp 2/(ClkgT), with activation energy C=(2me¢/ expect this to be a small effect because of the high Curie
7%)Y%sE, (wherem is the electron massp the effective temperature of Fe. Moreover an almost temperature indepen-
barrier height,s the separation between the grains, ahd dent TMR was already observed for FegiOSecond, the
the charging energy The solid lines are fits to our experi- temperature dependence of the TMR might be related to a
mental data ofpcexp 2/(C/kgT). As can be seen, the fits change in magnetization behavior of the grains at low tem-
for FeHfSIO are rather good(C=2.6x10"%eV for perature. It is known that a superparamagnetic behavior of
FeyHfeSisO49. ON the contrary, for FeHfO there is a strong the magnetic grains in these material leads toT& tepen-
deviation between calculation and experimentally observedence of the TMR! Therefore we have measured the field-
data(C=0.7x10% eV for FeHf;0,3). Recently a simi- cooled and zero-field-cooled magnetic moment of
lar deviation was observed for FeSi@nd this was attributed Fes7Hf10043 as a function of temperature as shown in Fig. 6.
to a leak conductivity which flows through interconnectedA wide peak in the zero-field-cooled measurement indicates
grains. As we will show later on, this seems not to be appli2 large spread in grain sizes, with a blocking temperature
cable to our films since a leak conductivity leads to zerdbetween 200 and 300 K. Superparamagnetic behavior is lim-
TMR at low temperature when all of the current is shuntedted to temperatures above the blocking temperature, which
through the interconnected grains. We also have to realiz& Well above the regime where the strongest temperature
thatpcexp 2/(C/kgT) was derived folC>kgT, a condition  dependence of the TMR is observed. Moreover, Fig. 7 shows
not satisfied in our films and therefore a deviation from thisfour magnetization loops measured Tat- 10, 75, 150, and
proportionality may be expected at higher temperatures. Th800 K of FesHf;0043 with the applied field in the plane of
magnitudeC is to a great extent determined by the averagdhe layers. For all temperatures the magnetization loops are
separation between the graissand the effective barrier Similar in shape and seem to behave like a ferromagnetic
height. Since the values df obtained from our data are on layer, with out of plane loopsnot shown that saturate at
the order of 103 eV, which is one to two orders smaller as H=Mg. For the interpretation of the magnetoresistance data
compared to, for example, Cof@; (Ref. 7) and NiSiQ,*® it is important to mention that the magnetization in plane is
this suggests that the individual grains are only poorly sepawell saturated at 1.3 T, the maximum field applied in the
rated by the amorphous matrix. transport measurements, which ensures a good parallel align-
In Fig. 5 the temperature dependence of the TMR ratio is
presented. The TMR ratio of gif,,0,3 increases strongly

with decreasing temperature from about 2% at room tem  *™] T=10K oo T=75 K
perature to about 7% at 4.2 K, in contrast to the TMR ratio ot ** 0o
FeygHf;SisO49 Which increases only slightly. Inouet all’ € °® 000
have shown that the magnetoresistance for ferromagnet e <% 008
metallic clusters in an insulating matrix is equal RS for 010 010
small values ofP, with P=(N;-N)/(N;+N,) the spin po- 2o ! 2 e ! :
larization in the ferromagnetic material. Hemd; | is the 0101 450K 010 1_300 K
density of states at the Fermi level with spin-up and spin-¢ oo 0.5
down, respectively. Within this model the magnetoresistancig oo 0.0
is independent of temperature, more or less consistent witg s 0.08
the TMR ratio for FggHf;SisO4g, but in contrast with the .10 010
-2 -1 o 1 2 -2 -1 o 1 2
data for Fg;Hf¢O,3. W D WD

There are several possible explanations why a temperé-
ture d_ependent TMR may still be obser\_/ed_ln thes_e materig|g, 7. Magnetization loops with the applied field in plane at various tem-
als. First of all, a reduction of the polarizatidhat higher  peratures of FgHf;Oy5
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- - Equation(4) can be transformed to a similar equation for the
/2P, | | | 7p_ resistivity as derived by Inoueetall” with p;, p,
cexp 2/(C/kgT), yielding:
1 p(m)=po(1—P?m?F)exp(2/C/KgT), (5)
with pg constant and- representing the spin-flip scattering
Iz }J—| Yep, term given by
FIG. 8. Resistor scheme, which describes the resistivity in our granular F = ! , (6)
terials includi in-fli ttering.
materials Including spin-flip scattering 1+ % exq_z C/kBT)

ment of the grains at all temperatures. On the other hand thend P the polarization of the ferromagnetic mateiiad this
remanent magnetization is close to zero which guaranteesraodel given by p,—p)/(p;+p,)]. We use Eqs(5) and
high degree of antiparallel alignment of the grains at zerd®6) to describe our data of the TMR ratio, which is defined as
field. It should be noted that the saturation magnetization —0)— —1)

decreases slightly with increasing temperature which may TMR=100% p(M=0)~p(m . (7)
indicate a small fraction of paramagnetic grains. p(m=1)

It is clear from the foregoing analysis that there is no  The spin-mixing rate at finite temperature has been mod-
dramatic change in magnetization behavior which can aceled by Feret al?'??and evaluated as =pf T"(n=2in
count for the large decrease of TMR at higher temperaturesase of electron-magnon scattedinghe solid lines in Fig. 5
and we believe another mechanism plays a role, causing thshow that this model can describe the temperature depen-
temperature dependence of the magnetoresistance. We pigence of the TMR ratio very well withP=0.26, pﬁ
pose that the strong decrease of TMR at higher temperatures138 () cm K", with n=1.3 for FeHfO, andP=0.18,
is due to spin-flip scattering which is caused, for example, bV’?L:% wQ cm K" with n=1.3 for FeHfSiO(p, and C
magnetic impurities or iron-rich phases in the matrix. Re-are the same as for the resistivity measuremefitse mag-
cently, the effect of barrier impurities in ferromagnetic tun- pnitude of P’fl and n are determined by the details of the
nel junctions was investigated and it was shown that thesgpin-flip scattering mechanism, of which we don’t know the
impurities can severely reduce the TMR as a result of spinexact origin. The spin polarizatioR is for both systems
flip scattering® The impact of spin-flip scattering will be |ower than the polarization of iroRg.= 0.4 as reported by
analyzed via a simple model calculation. Fettal?>*' de-  Meserveyet al,23 determined from Al/AJO,/Fe junctions at
scribed the temperature dependent resistance in ferromagw temperatures. We should not be surprised by this, since
netic materials diluted with transition metal ions and used theur calculations are inspired by the models of Julfiexad
resistor scheme as illustrated in Fig. 8 to account for th@noueet al,'” in which the TMR is determined solely by the
resistivity including spin-flip scattering. The resistance ofspin polarization of the ferromagnetic material. However, it
such a circuit is given by is theoretically argued that the barrier material and the in-

terface matching between barrier and magnetic material may
, (2 determine the TMR effect as well, although no conclusive
p+tp-tapy experimental data are available yet to verify this. Addition-
wherep, andp_ denote the resistivities of the up and down ally, we have to realize that our granular films are far from
electrons, respectively, and whese, is the spin-mixing re-  an ideal system of pure Fe grains in an isolatingS§0O,
sistivity. We apply this model directly to our granular sys- matrix and therefore negative effects on the magnitude of the
tem. The resistivitiep . andp_ now consist of the sum of polarization can be expected from, for example, intermixing
the part of the grains with magnetization “up” and magne- of Fe and Hf and oxidation of Fe. Further experimental study

_p+p-tp(pitp-)

tization “down,” respectively: is necessary to determine the exact composition of the grains
N N and the matrix and this may also reveal why spin mixing is
pe=y PT+(1_ M)pl’ much more prominent in FeHfO than in FeHfSiO.
)
N N IV. CONCLUSIONS
p-=m Pt 1_M>pT' .
In summary we have measured the TMR and the resis-

HereM is the total number of grains andlis the number of tivity of reactive sputtered FeHfO and FeHfSIiO cermet films.

grains with magnetization up,; andp, are the resistivities Maximum magnetoresistance ratios of 2% and 3.2% at room
for the majority and minority spin electrons with respect totemperature are observed for films with the composition
the local magnetization, respectively. The resistivity of Eq.Fe7Hf10043 and FegHfSigO4g, respectively. The resistivity

(2) can now be expressed in terms of the relative magnetiza&nd magnetoresistance show an unusual temperature depen-

tion m=(2N-M)/M, as dence which cannot be explained by spin-dependent tunnel-

1 1 (p—p)2 ing only. We propose that spin-flip scattering in the amor-

p(M)== (py+p))— = m? Pr—Py (4)  Phous FeHfSi)O matrix causes a decrease of the TMR as a
4 4 pitp tapy function of temperature.
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