EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

On the frequency dependence of the magnetic permeability of
FeHfO thin films

Citation for published version (APA):
Bloemen, P. J. H., & Rulkens, B. (1998). On the frequency dependence of the magnetic permeability of FeHfO
thin films. Journal of Applied Physics, 84(12), 6778-6781. https://doi.org/10.1063/1.369008

DOI:
10.1063/1.369008

Document status and date:
Published: 01/01/1998

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://doi.org/10.1063/1.369008
https://doi.org/10.1063/1.369008
https://research.tue.nl/en/publications/55673e80-3e00-4b65-9079-4f118b21e1e1

JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 12 15 DECEMBER 1998

On the frequency dependence of the magnetic permeability
of FeHfO thin films
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Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands
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Department of Physics, Endhoven University of Technology (EUT), 5600 MB Eindhoven, The Netherlands

(Received 10 March 1998; accepted for publication 12 Septembern 1998

The frequency dependence of the magnetic permeability as well as of the electrical impedance have
been investigated for soft-magnetic granular FeHfO thin films. The impedance measurements
indicate that capacitive effects resulting from the inhomogeneous structure of the layers are of no
importance for the roll off of the permeability of the present films. The frequency behavior at
various FeHfO thicknesses shows that eddy current effects start to play a role above thicknesses of
10 um. Below this thickness ferromagnetic resonance dominates the roll offl998 American
Institute of Physicg.S0021-897808)02324-X

I. INTRODUCTION constant as a function of the frequency up to as large as

Currently a considerable amount of attention is directquOSSIbIe dfrequ(ejnmes Ir} [:r:erature atfew stud|e§_lqtf the fre_— di
at the investigation of soft-magnetic oxidic/metallic granularquency ependence of the magnetic permeapility on oxidic

thin films. Examples are CoAlO, CoSitFeHfO? and other EeI—M—Osi;Ttem.s have.beeg EUb“Sheq In a Slumber of alr—
Fe—M-Osystems in which M is mostly a transition metal ticles a problem is mentioned that one Is not able to properly

from the group IVa or Va or a rare earth element, see, e_gdescnbe the frequency dependent behavior using the well-

Refs. 3 and 4. The origin for this interest lies in the remark-knOWn tl'oss mechanisms drg}:afted o eddty:l{[rr:etn ttsh and firlro-

able combination of a high magnetic permeability and a rela-mf"‘%r;e Ic .restor'lance ar'1t. ' 'f? sfl;g%esg th'ahf € problem

tively high electrical resistivity. The resistivities of the oxide might originate In capacitive efiectandeed at high frequen-
es dielectric currents may start to run between Fe crystal-

based systems are commonly one to two orders of magnituq‘i:,tl the hiahl itiveeEM—ODh e th
larger than of, for instance, the well-known soft-magneticI €s across the hignly resistivee=Vi-Lphase, 1.€., the cor-

nitride based E—M—N systems responding capacitors effectively lower the resistivity at high

The reason for this difference in resistivity is believed tofreclulenues ;afnt(:].conse(?]uer_]tly giverise to etn_rt]arr]]cecli dedld y cbur-
originate in specific differences in the microstructure. The' €Nt 10SS€S. IS mechanism were correct it should also be

Fe—M—N areaccepted to exhibit a microstructure consistingViSible as a capacitive-like characteristic in the electrical im-
of nanometer-sized Fe crystallites with a M—N phase on th@edgncf ofljhgbfllmts, Sfelglso R?(Sd' ! a?hd i d
triple points. Here, the Fe crystallites are in contact with each arlier huyjbregtset al. reported on the frequency de-
other (no nonmagnetic grain boundargnabling the direct pendence of the magnetic permeability of a thick FeHfO film

exchange interaction to average out the laigée magneto- and interpreted the behavior in terms of combined eddy cur-
crystalline anisotropy thus yielding the soft-magneticrem shielding and ferromagnetic resonaffe®IR) effects. In

properties. This direct contact is inevitably accompanied by the present article we present a more detailed analysis in-

electrically percolating paths through the sample resulting irf;IUdIng tge th|ccli<ness d(fep(;ndelnce._ Wle.also (;eport orf] reljfrg—
relatively low electrical resistivities. On the other hand, for qUENCY dependence o the electrical impedance of Fe

the Fe—M—Osystems the microstructure is believed to con-T”mS' It will be shown that displacement.currents are of no
sist of again nanometer-sizedFe crystallites now fully em- Importance fgr the roll off of the magnetic permeability for
bedded in an amorphous high resistivetM—-Ophase. Per- the present films.
colation between the Fe crystallites is no longer possible ang. EXPERIMENT

the resistivity is dominated by the amorphous—-0O All films were prepared by radio frequendyf) diode

phase. This phase is accepted to be ferromagnetic so thatdly itering on a Perkin Elmer 2400 machine at a pressure of
forms a medium transmitting direct exchange interaction bez_4 m1orr corresponding to an Ar flow of 30 sccm. The
tween the Fe crystallites necessary to average out the CrY8xygen has been applied Wia 9 sccm flow of a gas mixture
talline anisotropy and to yield high permeabilities. consisting of 95% Ar and 5% O The samples have been
The combined high resistivity and high permeability is ;nealed at 400 °C with rapid thermal processing in a mag-

particularly suitable for high-frequency devices such as inyic field of about 600 Oe. For the typical dependence of the

ductors and magnetic heads because for these applicationgyit,netic and electrical properties on the deposition condi-
is preferable that the magnetic permeabilitshould remain  ins and information on the microstructure we refer to Ref.

9. The conditions used to prepare the present films result in
dElectronic mail: bloemenp@natlab.research.philips.com films with a magnetic permeability of about 1500, a coercive
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FIG. 1. Frequency dependence of the magnetic permeability for FeHfO f _ P . 2mpKy

films of different thicknesses as indicated. The solid lines are model calcu- Cross— t2 o B2 ' @)
lations taking eddy current effects as well as ferromagnetic resonance ef- Hoktr S

fects into account. The used damping parametessd (measuregresistiv-
ities are also indicated.

an equation that is easily derived from the well-known eddy
current formula(see Ref. 1pby settingu’=w". Here,p is
the resistivity andB, is the saturation induction. Evidently,
this dependence does not apply to the experiment and other
field of about 0.5 Oe, a uniaxial magnetic anisotropy con-mechanisms dominate the behavior in this thickness regime.
stant close to 300 Jfinand a magnetostriction constant of This becomes even more clear from Fig. 2 where we have
about+5x10"°. plotted the cross frequency versus the film thickness on a
double logaritmic scale. Here, the data points derived from
the measurements shown in Fig. 1 are represented by the
Ill. RESULTS AND DISCUSSION solid squares. The straight solid line that is decreasing with a
. . . slope of—2 has been calculated using Edj). The meanin
To unravel the various mechanisms that play a role Mot tphe other lines will be explained Izgitermon. At low thigk-
Fesses Eq(1) predicts cross frequencies that are much

ability a study of the dependence on the thickness of th%igher than observed. Now, as mentioned already in the in-

soft-magneﬂc film IS Important. Th|s-|.s because the t.WO ma'r}roduction, Eq.(1) is derived for a thin film having uniform
mechanisms causing the permeability to roll off viz. eddy

¢ shieldi df i h diff Iproperties which is not the case for the present granular
currént shielding and ferromagnetic resonance, have diftelg, o Capacitive coupling may result in larger eddy currents
ent thickness dependencies.

. than one might expect on the basis of the direct curteot
In the case of the FMR mechanism, the frequency a g P g

. ) o Pesistivity. To infer if these capacitive effects play a role we
which the magnetic permeability starts to roll off does ot ave theoretically estimated at which frequency these effects

depend on thickness since it is only determined by materia\}vould occur and moreover measured the frequency depen-

dependt_ent pt)_ropertlzstr:nz. the _d?mp_lngt facmrthetggro- dence of the electrical impedance of our FeHfO films. Figure
Mmagnetic ratioy, an € uniaxial anisotropy consta,. 3 displays a typical experimental result. It is seen that the

On the contrary, in the case of eddy current shielding, thereal part of the impedancRe(Z) is independent of fre-

roII—off freque;cyl|s strﬁngly th:cknedss dependen,t’. quency up to frequencies above those where the roll off oc-
f thFlgure 1| 'SP ?X{S the redh t)' an |magt|)qgr>(u ,)_p_aras curs. If capacitive effects play a role then one would expect

of the complex relative magnetic permeabilfy= " —1u g(Z) to decrease with frequency nefaf,s Clearly Fig. 3

as measured as a function of the frequency for several FeHf ows that this is not the case. In Appendix A it is shown

th'? thﬁ’ ‘;V':E th_lc_I:_n?sses rang_llr_lg f_rorp .0|'7 FO de"mdlt 'St fthat capacitive effects are indeed expected not to occur in
note at Ihe inita’ permeavllity IS fairly independent of frequency regime but at much higher frequencies. It is

f"tm thchk?r?ss. VYha;'_s seen from F'tg‘ 1f|s that tthe frequenl;:_l herefore concluded that capacitive effects do not determine
at which the real and imaginary parts of magnetic permeabily, 0\« for the present films.

ity cross each other is almost independent of thickness. If the The obvious mechanism that will largely account for the

eddy current mechanism would have been the dommatmgon off is ferromagnetic resonance. We now return to Fig. 2.

meqhanls_m then one wquld expect, for instance, thgt f”.m%'he horizontal line at 0.84 GHz indicates the ferromagnetic
having thicknesses differing by a factor of 10 would differ in resonance frequency calculated from
S

cross frequency by a factor of 100. This is because the cross
frequency varies with thicknedsas: ol y=\2uK,. (2
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0 — T line in this figure represents a calculation, again based on the
i ] LL equation taking eddy currents into account in the same

8 - 10.5 um FeHfO T manner as was done for the magnetic permeability. To obtain

6 ] a good fit we needed to use a damping parameter=di.02.

Clearly this value is inconsistent with the value needed to

4

2

g describe the permeability data. The origin for this discrep-
- 1 ancy is unclear. It is possible that it is a result of the approxi-
B 7] mation that one makes in decoupling the LL equation from
T T the Maxwell equations: FMR and eddy current shielding are,
5 6 7 8 however, coupled phenomena. For example, in separately

10 10 10 10 . o .

solving the LL equation it is assumed that the spins precess

Frequency (Hz) uniformly. This is clearly not correct since the spins at the

surface experience an rf field that is different from that in the

FIG. 3. Frequency dependence of the real part of the complex impedance ¢fterior of the film: The rf field has a finite penetration depth.

2 10.5um-thick FeHfO film. The spins will process differently depending on their posi-
tion with respect to the film surface and an exchange term

Clearly this frequency is above the experimentally observeghould be included in the LL equation. The coupled prob-
cross frequencies and a certain linewidth is necessary to at€ms should be solved simultaneously, as has been done in
count for the roll off. We took this into account as is done Ref. 14 for an infinite thickness film. The magnitude of the
commonly in literature, i.e., we solved the Landau—Lifshitz €rror that one makes by using the above approximation will
(LL) equation including a damping term—the magnitude oflikely depend on frequency and may consequently give rise
which is determined by the parameter Since there are 0 different « values for the FMR experimerigigahertz
several different forms of the damping term and thus severd@ng® and the permeability experimeftegahertz range
definitions ofe we have listed the LL equation that we used The modeling error may also be the origin of the earlier
in Appendix A. To calculate the combined effect of FMR mentioned problems in literature in describing permeability
and eddy current shielding, we have substituted the solutio’€asurements, see introduction and Ref. 6.
for the complex magnetic permeability from the LL equation N conclusion, frequency dependent permeability mea-
in the well-known eddy current expression—a procedure thagurements have been performed for highly resistive FeHfO
is commonly followed, see, e.g., Refs. 11, 12, and 13. |dilms. The combined thickness and frequency dependence
doing so we have numerically searched for the cross fre€an be understood reasonably well with the commonly used
quency. The results as a function of the magnetic layer thickmodels. The roll off of the permeability for thicknesses be-
ness are presented in Fig. 2 as the curved lines. The valuédw 10 um is dominated by the FMR phenomenon whereas
for the damping parametews used in the calculations are above 10um eddy current effects start to play a significant
indicated in Fig. 2 also. All other parameters are fixed:ole. A discrepancy has been found between the damping
y=185 GHz/T,p=1000 u2 cm, B¢=1.1 T andK, close to  Parameterse determined from the permeability measure-
300 J/nt fitting x at low frequencies. It appears that the dataments and the FMR experiment. Capacitive effects between
can be fitted rather well using a damping parametdse-  F€ crystallites do not play a role in the behavior of the mag-
tween 0.06 and 0.1—values that are not unreasonable. ~ Netic permeability with frequency.

We have attempted to obtain a value ftefrom an in-
dependent ferromagnetic resonance experiment. At a fixed
frequency of the microwaves of 9.34 GHz, the field directedappENDIX A: MODELING
along the film plane, was swept through the resonance. The
result for the field derivative of the absorbed power for a 0.7  The definition of the damping parameteithat we have
um FeHfO film is shown in Fig. 4open circles The solid used in the present article corresponds to the Landau-

Lifshitz equation in the following form:

Re(Z) @)

L f oacH: 1 oM M Hppe e
3 =9.4 GHz | ——= Mo int— o =
0002 ] [ Ms ¥

. oM
M x

rak (A1)

- ) Here,H;, represents the sum of the demagnetizing field and
- 7 the anisotropy field.

To calculate the effect of displacement eddy currents on
. . L the magnetic permeability we introduce an effective complex
400 800 1200 resistivity pos that accounts for the effect of capacitive cou-

pling between Fe crystallites. This resistivity may then be
H (Oe) substituted in the common eddy current formula.

FIG. 4. Derivative with respect to the magnetic field of the absorbed power An expression fope .Can be derived by mOde“ng the
as a function of this field for a 0.&m FeHfO film. The magnetic field was granular system as a series of leak capacitors of thickmess
directed along the film plane. connecting the Fe crystallites of sizeéWe write p¢ as:

Intensity (a.u.)
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Ped + pard than typical cross frequencies observed for the magnetic per-
Peft=1+q (A2) meability. Our conclusion is therefore that capacitive cou-
pling between Fe crystallites is not a relevant loss mecha-
with pg. the specific resistivity of an Fe crystallite and with nism for the roll off of the magnetic permeability.
pam the specific complex resistivity of the amorphous phase
which, in turn, is represented by a resisivity and in paral- !S. Ohnuma, H. Fujimori, S. Furukawa, S. Mitani, and T. Matsumoto, J.

: ; ; ; ; e Alloys Compd.222 167 (1995.
lel with this an ideal capacitor with specific impedance 2A. Makino and Y. Hayakawa, Mater. Sci. Eng.,181/182 1020(1994).

—ilew, i.e., payis given by: 3Y. Hayakawa, N. Hasegawa, A. Makino, S. Mitani, and H. Fujimori, J.
Magn. Soc. Jpn20, 425(1996.
_ Pa 4A. Makino and A. Kojima, IEEE Trans. Magr®, 92 (1994.
Pam= 1+i wepa' (A3) 5A good review can be found in, G. Herzer, J. Magn. Magn. Matég,
258(1992.

We may now substitute EC{AZ) using Eq.(AS) into the 5H. Fujimori, Scr. Metall. Mater33, 1625(1995; H. Fujimori, S. Mitani,
dd tf la for th istivity. Aft | T. Ikeda, and S. Ohnuma, |IEEE Trans. Magf, 4779(1994.

common eddy current formula for the resistivity. After cal- 7y 5 yng, w. C. Chang, C. S. Liu, T. Y. Liu, C. J. Chen, and T. Y.

culation(not shown it appears that the behavior for the mag- Tseng, IEEE Trans. Magr29, 3526(1993.

netic permeability in our frequency range is not altered. °C. G. Koops, Phys. Re&3, 121(1951).

Here, we have used,=1000xQ cm, d=t=5nm, ande ®J. Huijbregtse, F. Roozeboom, J. Sietsma, J. Donkers, T. Kuiper, and E.
’ . . ra o ! . van de Riet, J. Appl. Phy83, 1569(1998.

= 2_560-_ This relative permlttlv!ty Value?_r:_Z_S* IS an over-  1op . Bozorth, Ferromagnetisnivan Nostrand, Princeton, 1963

estimation based on the relative permittivity of HiOThe 13 3. M. Ruigrok,Short-Wavelength Magnetic Recorditglsevier Sci-

fact that the behavior is unaltered is completely understand-ence New York, 1990 Chap. 8, p. 351.

able since the characteristic frequerfcy 1/(2775Pa) where Y. Maehata, S. Tsunashima, and S. Uchiyama, IEEE Trans. Mag02

the impedance starts to deviate from the dc value and can be: \an de Riet and E. Roozeboom, J. Appl. Pi8%.350 (1997).

estimated to be of the order of ¥(Hz, i.e., much higher **w. S. Ament and G. T. Rado, Phys. R&7, 1558(1955.
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