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Magnetism and structure of Zn ,Fe;_,0, films processed via
spin-spray deposition
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Materials Physics Branch, Naval Research Laboratory, Washington, DC 20375

M. E. McHenry
Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh,
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V. G. Harris?
Materials Physics Branch, Naval Research Laboratory, Washington, DC 20375

Zn-ferrite films, ZpFe; O, where the Zn:Fe ratio ranges from 0.36 to 0.76, were grown on glass
substrates using a spin spray technique. Films are shown using scanning electron microscopy and
atomic force microscopy to be dense and granular with an average grain-8i3eum. X-ray
diffraction indicates that the films areFII3msymmetry consistent with a pure spinel ferrite phase.

The films’ coercive fields have a strong positive correlation with the film roughness indicating the
dominance of a physical domain wall pinning mechanism. The films are smooth and magnetically
soft near the ZnkF®, stoichiometry. All films, including those near the ZnBEy stoichiometry,

display ferrimagnetic behavior with compensation temperatures well above the bulk Neel
temperature of 9.5 K; this is attributed to the cation disorder measured in the Zn cation distribution.
© 2002 American Institute of Physic§DOI: 10.1063/1.1456428

INTRODUCTION ogy. These are the goals in the present study of the Zn-ferrite
system.

Recent trends in microwave monolithic integrated circuit ~ There have been several studies of spin spray ferrite
(MMIC) technology has focused on the integration of non-plating and related techniques in the synthesis and character-
reciprocal devicese.qg., isolators and circulatoraith active  ization of ferrite materials, including those of the NiZn-
elements based on GaAs substrates. Since ferrites are tygerrite systenf° Limitations that were exposed in these
cally processed at temperatures in excess of 900 °C, this detudies include difficulties in processing films of the desired
mand has provided a significant challenge to microwave destoichiometry and control of equilibrium cation distributions.
vice engineers and materials scientists to fabricate ferrite
structures having appropriate thicknggsg., 10’s microns
and high crystal quality at temperatures that do not degradEXPER"vIENT
the GaAs-based devicés:450 °Q. Films of ZnFe;_,0,, wherex=0.8 to 1.1, were pro-

One technique that has been shown to produce ferriteessed by spin spray deposition onto glass substrates. The
films of high crystalline quality at temperaturesl00°C is  glass substrates were washed and rinsed in distilled water
spin-spray depositioh.This technique was developed by and soaked in chromic acid to remove any residual organic
Abe et al?® of the Tokyo Institute of Technology and in- material. The substrates were then soaked again in an, FeCl
volves the reduction of metal salts onto a spinning substrateolution to provide a seed layer for the growth of the spinel
Control of the precursor solution pH allows for tailoring of ferrite. Finally, these substrates were mounted onto a table
cation valency, phase selection, and phase purity of the rahat rotates at 300 rpm during growth and is held at a tem-
sulting films. A review of this technique and variants of fer- perature of 80°C. The temperature of the substrates was
rite plating technology are presented in Refs. 1, 4, and 5. verified using an infrared thermometer.

MMIC needs are more likely to be met by low-loss spi-  An oxidizing solution of NaN@ was prepared and buff-
nel ferrite films such as the NiZn-ferrittNZFO) system. ered to a pH of 8.2 using NHC,H;0,) (ammonium ac-
However, prior to the processing of NZFO, one must firstetatg. This pH favors the precipitation and crystallization of
master the processing of the binary ferrite systénes, Zn-  spinel ferrites at 80 °C. Metal chloride precursor solutions of
and Ni ferriteg. This includes establishing conditions in zZnCl, and FeCJ} were prepared just prior to spraying to re-
which ZFO can be processed with tight stoichiometric conduce the amount of uncontrolled conversion off Feo
trol, phase purity, high density, and desirable film morphol-F&**. The two solutions were mixed and sprayed at 50 ml/
min for a period of 10 min.

dAuthor to whom correspondence should be addressed; electronic mail: C_'hanging the ratio o_f metal Chlori.des in. th? precursor
harris@anvil.nrl.navy.mil solutions allowed the variation of the film stoichiometry.
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= FIG. 2. (a) Scanning electron microscope image of the &Re, o0, film
= H 1 sample displaying a dense, granular morphology. The image was collected
© 05 7 using 10 keV electrons. The scale bar representa (b) Atomic force
< i microscope image of the same sample. Data were collected in contact mode.
The brightest areas of pand) represent a maximum vertical displacement
F of 300 nm.
04 | -
size from from~0.2 um to ~2 um; the larger grains being
08 w0 relatively few in number. Figure 2 is an SEM micrograph of

0.08 0.08 0.1 0.12 0.14 0.16 0.18 a sample having the ZnkF®, composition. The image in
Nominal Zn*2/Fe*2 panel'l'zlg.IZa) was coIIected.usmg, 10 keV electrong and a
magnification of~5000 x. Figure %) of the same figure
FIG. 1. Actual film stoichiometry as a function of the nominal Zn/Fe ratio contains an atomic force microscopy image of the same
defined by the ratio of the metal chloride precursor solutions. sample collected in contact mode. In this figure, the white
intensity corresponds with a maximum height of 300 nm.
- . . . The long-range structure of the films was determined via
.The c_omposmon of the resulting films was determlnedx_ray diffraction (XRD) to be a close match to the spinel
by inductively coupIed_pIgsmélCP) and x-ray fluor_escence ferrite phase. In Fig. 3, the XRD profile of the ZaFe, 0,0
(XRF) spectroscopy W'th.m a S.EM column..The .f|Ims.Iong sample in Fig. 2 is presented with all diffraction peaks of
range structure was studl_ed usifig20 x-ray diffraction with intensity greater than 1%ef maximum indexed to the spi-
using a ClKa source, while the short range structure aroun el phase Fd3m). No peaks appear that cannot be indexed
the Zn cations was studied using extended x-ray absorptiO{b this phase
fine struiture(iXAl_:S) EpECt:.() SC())(pz);BTh?tEXQFf stuldlses Correspondingly, the short-range structure around the Zn
were pertormed using beamine at the National SyN<ation is depicted in Fig. 4 as the Fourier transform of the Zn
chrotron Light Sourcéat Brookhaven N_atlon_al Laboratgry EXAES data. In this figure, the data corresponding to films
andlzfgl)llowed tf;}e lprocedural step; Olgllneq n Eetfﬁ 9 ¢ thaving compositions Zjpde 00,4 are plotted with similar
d m mgrpf ology was exammg using OI contaclyata collected from a NZFO made by the same techrfiglie.
mode atomic force microscopy and scanning electron Mip;q comparison shows that the short-range symmetry of the
croscopy. , . . . . . Zn cations is indeed that of the spinel phase. However, the
. The films' magnetic properties were studied using vibrat- eaks appearing near 2.6 (ncorrected for electron phase
Lng sf'm;ple ma%rjletometryt'_[o achIret_|;<_)|_c:m temperaturedhy Shifts) represents a population of Zn cations on the octahe-
Eresis 10ops, while magnetic SUSCEpUDIty was measured Ugg.,| g pjattice. Far fewer octahedral coordinated Zn cations

ing a Quantum Design MPMS-5 SQU”.D magneto_metgr c’Ver::lppear in the NZFO film whereas in stoichiometric bulk
a temperature range of 10 to 300 K with an applied field of

500 Oe. Hysteresis loops were collected at 10 K using the

SQUID magnetometer. 1600 — . Pr
1400+ Zn0A98F62A0204 & 4
RESULTS AND DISCUSSION 12001 ]
2]
&

ICP and XRF measurements of the resulting films show 2 000
that significant differences exist between the actual compo-,
sitions and the ratio of precursor chloride solutions. Figure 1
is a plot of the nominal precursor solution ratio of Zn:Fe and s00f B
the actual Zn:Fe ratio measured in the spinel ferrite films. As T
can be seen in Fig. 1, the uptake of Zn cations in the film is .
much greater than that of Fe cations. Hence, the relative 2000 g
amount of FeCGl is nearly five times greater than the ZgpCl 1 T 2 25 s a5
solution to get the desired film composition. d (A)

The film morphology was found to vary from smooth L , _
and featureless to highly granular with acicular grains. F0|{j '5%936:3@2fa(xj{;%nd'{fiaf.t%%gf)ﬁ.leTﬁLZ;ﬁﬁ?”ﬁlﬂﬁtﬁﬂ
films having near the Zn/Fe0.5 concentration, the films (d=\/2 sing). All diffraction features are indexed to tifel3m space group
appear dense and granular with spherical grains ranging if the spinel structure.

(440)

800

Intensity

(622) (533)

(620)

400[-

Downloaded 19 Dec 2002 to 128.2.132.154. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Taheri et al. 7597

10 ———rr—pr—rr T 100 ) 300
r ———S8S Zn . Fe, O 10K
| ogs’ “2024 7n EXAFS*ks ool 810"
o | mmemeees S8 Ni,Zn Fe, O, F o - 250
8 (after Harris ref. 9 ) : Eo10
80 |-
I n 8 107 - 200
[ 70 - -2000 -1000 4] 1000 2000
6 | H (Oe)

60 [

(20) piold aa01900

4 100

O He I
B Roughness (]

30 Lo . N S B S o s s sl B ¢
0.3 0.4 0.5 0.6 0.7 0.8

RMS Roughness (nm)
n

50 [

IS
I

40 [

N
1

vao o e v Lo b v v b e e b oo g

Fourier Transformed Amplitude (A-2)

Wl Zn*%:Fe*? Concentration

0 et e FIG. 5. Film root mean square roughne®g(;s) and coercive fieldic) of
0 1 2 34 5 6 film samples plotted against the film composition. The inset plot is a hys-
Radial Coordiate (A) teresis loop acquired at 10 K for the Zg@Fe, 0, film showing the pres-

ence of hysteresis.
FIG. 4. Fourier transformed Zn EXAFS data collected from the
Znyod & 00, film and a Nizn-ferrite film of Ref. 9. Both profiles are con-
sistent with the local structure of tHed3m space group of spinel ferrites.

Data have not been corrected for electron phase shifts. stoichiometry of the films approach 0.5 these temperatures

decrease. The reason for magnetic activity well above the
bulk Neel temperature is attributed to the cation disorder

measured in Fig. 4. This creates a net moment on the tetra-

ZFO, Zn cations reside solely on the tetrahedral sublattice, . ) . .
This indicates that a nonequilibrium cation distribution re_ehe_dral sublattu_:e strengther_ung tAeBln'Feracnon and weak-
ning the antiferromagneti8-B coupling (A=tetrahedral

sults from the spin-spray processing approach. An additional oo )
step of annealing these films after growth may be required t&#blatt'ce' B=octahedral subl_attu)e_ The enhancement of
. . the Neel temperature by cation disorder in ZFO was also
reduce the cation disorder. ted in ball-milled ZEG:
In Fig. 5 the coercivity and the root mean squared rough—erOr ed n bail-mile :
ness Rrus) Of films are plotted against the actual film com-
position. In this plot one sees that as the Zn:Fe ratio apACKNOWLEDGMENTS

proaches the stoichiometric concentration from either side This research was supported by the ONR and DARPA
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roughness decreases. One also sees that the coercivity an
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