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Magnetic orientation of Ni in Zn-Ni ferrites studied by soft-x-ray magnetic circular dichroism
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We report the Nil,zedge magnetic circular dichroisiMCD) measurements of ferrimagnetic
Zn,Ni,_,F&0, (x=0.0, 0.26, 0.50, and 0.75The Ni MCD asymmetry ratio was found to decrease with
increasingx, showing a reduction of the Ni average magnetic moment with Zn content. This observation is
interpreted in terms of the variations in the Yafet-Kittel-type canted angles of the Ni moment, giving new
insight into the superexchange interactions involving the Ni ions. A comparison with the non-Ni-specific
neutron scattering and Mebauer studies is give[50163-182107)10217-X]

Zn,Ni, _Fe,0, is a ferrimagnetic compound which ex- BB superexchange couplings are modified when substituting
hibits interesting doping-dependent magnetic properties. Ththe B-sites F&" ions by NF* are still open questions. The
saturation magnetization and the critical temperatiiie,  neutron-diffraction data allow one to deduce only the total
Néel temperaturehave been found to change with the zn moment of the F& and NF* ions in theB sites while the
content and a Yafet-Kitte{YK) type canting of the local ~Mossbauer measurements provide information only for the
moments has been proposed to account for thesE€™" ions. Due to the lack of an element-specific magnetic
observationg?® Neutron-diffractior? magnetizatiof, and  Probe for Ni, direct information concerning thezl‘tluons In
Méssbauer studiég have provided valuable magnetic infor- the B sites has not been sufficiently reported so far. _
mation for this system. N&sbauer measurements suggested !© Nelp understand the role of Niions in the magnetic

that the Fe magnetic moments are distributed over two difS:OUpIingS in the Zn—Ni ferrites, Ni-specifiq mggnetizqtion
ferent sites of the spinel structure of Zn-Ni ferrites, namely,measurements using the soft-x-ray magnetic circular dichro-

the tetrahedralA sites and the octahedr sites. Site- o (MCD) technique were performed_. The Ni M.CD asym-
preference calculatiofs  and neutron-diffraction metry ratio was found to decrease with increasing Zn con-

. . tent, ting that YK-t ting, d i |
measurementsn the bulk system pointed out thatZrions ent, SUggesting ma ybe canting, proposed previously

i . e for the Fe moment in Zn-Ni ferrites, also occurs for the Ni
strongly prefer theA sites while the Ni* ions occupy the  oment The dependency of the canted angles of Ni and Fe

B sites. Hence, the cation distribution in the Zn-Ni ferrites ,,oments on the Zn content were found to be slightly differ-
can be expressed as (&® ,)[Ni;_xFe . «]O4 where the  ent indicating that there are differences in the superexchange
parentheses and brackets denote Ahand B sites, respec- interactions when substituting tti-site Fé* ions by N#*
tively. However, the results of extended x-ray-absorptionions. A comparison with the results obtained from earlier
fine-structure (EXAFS) studies on a similar thin-film neutron-diffraction and Mssbauer studies will also be given.
Zno 1Nio 19 6404 Sample, which found Ni ions occupy The measurements were performed at the AT&T Bell
both A andB sites with a preference fd@ sites’ Recently, Laboratories Dragon beamline at the National Synchrotron
we have performed the R-edge x-ray-absorption near-edge Light Source (NSLS) using the x-ray-absorption spectro-
structure (XANES) spectra and first-principles spin- scopic(XAS) technique. The beamline set up in the circular
unrestricted calculations to investigate the degree of th@olarization mode has been described previolisiy. these
p—d hybridization effects between the oxygep and mag- measurements, the photon energy resolution was set at
netic ions 3 with Zn concentrationx in the bulk ~0.4 eV in the 840—890 eV range, and the degree of circu-
ZnNi, _,Fe,0, compound$. The magnetic properties of this lar polarization was set at 77%. An alternating magnetic field
system are believed to be dictated by the superexchange coof 1.2 KOe was applied parallel to the sample surface, and
plings between the magnetic ions via the mediating oxygemhe grazing angle of the incident light was fixed at 30° with
(O) anions. Although all superexchange interactigA\, respect to the sample surface. The absorption spectra were
AB, andBB), the predominant type of exchange mechanisnobtained at room temperature by monitoring the soft-x-ray
between the magnetic ions, favor antiparallel alignments ofluorescence yield with a high-sensitive seven-element ger-
the spins, the strongeAtB interaction overcomes the others, manium detector. The energy scales of the spectra were cali-
resulting in parallel alignment among spins Ansites and brated using the well-known spectrum of a GdFkin film.
among those B sites® Despite the number of experiments The sample preparations, x-ray-diffraction characterization,
and theories which have been proposed to account for thend the chemical analysis of the &, ,Fe0, (x=0.0,
magnetic properties of this system, the role ofNions is  0.26, 0.5, and 0.75samples used in these studies have al-
still not fully understood. For example, whether the?Ni ready been reportetiThe samples were ground using ce-
moments have the YK-type canting and how A8 and ramic tools, sieved to a fine powdéparticle size<<400
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FIG. 2. Ni L,yedge magnetic circular dichroism of

FIG. 1. Normalized Nil,zedge fluorescence yield x-ray- ZnNi, FeO
x!'N1T1—x 4+

absorption spectra of ZNi; _,Fe0, at room temperature.
for thel, andl _ spectrum. The asymmetry ratios thus ob-

mesh and rubbed onto an adhesive tape and placed in theained are 0.2241, 0.2241, 0.1926, and 0.1413 forxth®,
ultrahigh-vacuum system. All measurements were performed.26, 0.5, and 0.75 samples, respectively, showing a progres-
at room temperature. sive reduction of the Ni average magnetic moment with Zn

Figure 1 shows the photon-flux-normalized Nj redge  doping over a certain threshold. Ultimately, this phenomena
XAS spectra of ZpNi;_,Fe,0, (x=0.0, 0.26, 0.5, and can be interpreted as a noncollinear magnet moment arrange-
0.75. Thel . (I_) is the absorption spectrum taken with the ment, proposed for Zn-Ni ferrites by Yafet and KitteFor
projection of the spin of the incident photons parall@ti-  simple ferrites such aMFe,0, (M=Mn, Co, and Nj, the
paralle) to the spin direction of the Ni@®majority electrons. M?2* substitutes the Fé octahedraB sites and leaves the
The two white line regions, labeldd; andL, in Fig. 1, are  Fe€* octahedralB sites intact. Regardless of whether the
the electron transitions from the Np3,, and 2p,,, core lev-  intrasublattice couplingbetween magnetic moments in octa-
els to the Ni 31 unoccupied states, respectivéfyThe MCD  hedral and tetrahedral sijess ferromagnetic or antiferro-
spectrum, e.gl,. — | _, is shown in Fig. 2. In contrast to the magnetic, the magnetic moments b2 or FE' in the
single-peak feature observed at the and L, absorption octahedral sites are parallel to one another, i.eelNellin-
white lines of metallic Nit? rather complicated XAS and ear spin arrangemefitjust as the magnetic moments, in
MCD spectra were observed, exhibiting strong multiplet andhe Fé* tetrahedralA sites are. Upon Zn doping of the
crystal-field effectd® The line shapes of the XAS and MCD NiFe,O,, however, Yafet and Kittel proposed that a splitting
spectra of ZpNi; _,Fe,0, samples were found to be nearly of the octahedral sites into two subsitégsbeledB andB’)
identical throughout the range a&f values, except for their occurs, making the magnetic momemtg in the two sub-
MCD asymmetry ratio, i.e.,I(.—1_)/(1 ,+1_). Since the sites equal in magnitude but canted by an anglé\qf with
MCD asymmetry ratio is proportional to the magnetic mo-respect to the direction of their combined moment as shown
ment averaged over different sites and magnetic orientation# Fig. 3. The resultant combined magnetic moment of the
a quantitative evaluation of the asymmetry ratio can provideoctahedral sitesFe’* or Ni™) is still collinear with, but
direct information on the Ni relative average magnetic mo-antiparallel to, that of the tetrahedral*Fesites. By adopting
ment as a function of Zn content. Among the various spectrathis interpretation, we can relate the observed reduction of
regions from which one can calculate the asymmetry ratiothe average Ni moments to an increas#yp . If we assume
the L, white line region is the best choice. This is becausethat 6yx=0 for x=0, then 6y for any x can be calculated
the main peak at 855 eV in thel ; white line region suffers  as 6y« (x)=cos * [asy)/asy(0)], where asyX) is the
seriously from self-absorption and saturation artifacts due taforementioned MCD asymmetry ratio. It shall be noted that
its large absorption cross section; it is also very difficult tothe controversy that exists concerning the? Nions may
isolate the positive MCD signal of the satellite peak atoccupy bothA andB sites in Zn-Ni ferrites compounds ac-
~857 eV from the negative MCD signal of the main peak.cording to the EXAFS results reported by Hargsal.,’
After the removal of a linear background from the white  thereby, any such evaluation using the above formula re-
line (see the dashed straight line in Fig, the XAS inten-  quires the confirmation of the Rii ions which will occupy
sities between 870.9 and 875.6 eV were integrated separatelye sameB sites.
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m m a at the FeL; edge is much broader. In particular, the split
I A I A peak on the low-energy side, labelad and best resolved
A A for ZnFe0, (x=1.0), becomes progressively broader with
reducing Zn content in ZMNi,_,Fe0, and appears to be
B B least resolved for NiE®, (x=0.0). The full width at half
T T maximum(FWHM) of peaka at the NiL; edge was found
m, m; my to be~0.92 eV independent of. On the other hand, it was
increased from~1.31 eV atx=1.0 to ~1.69 eV atx=0.0
at the Fel ; edge. Similarly, the widths of the white line are
(a) collinear (b) non-collinear larger for the FeL, edge in comparison to that for Ni,
edge. Since the core-hole lifetime broadening of the white
FIG. 3. Three sublattice@ Neel collinear andb) Yafet-Kittel  lines for Ni and Fel;-edge(L,-edge spectra is 0.3 and 0.2
noncollinear spin arrangements in Zn-Ni ferrites. The latels, eV (0.52 and 0.37 e\ respectivelyl,7 the broader white
B’ indicated theA sites and twdB sites in the Zn-Ni ferritesma  |ines observed in the Fe spectra are not due to the core-hole
andmg denote the magnet moment Afsites andB sites, respec- |ifetime but can be attributed to E& ions occupying both
tively. 6y denote Yafet-Kittel canting angles. A and B sites. Upon substitution of Zn by Ni, part of the
. . Fe*" ions move fromB sites toA sites. In other words, the
An analysis of the transition-metal,yedge x-ray- g+ A gite toB site occupation ratio depends strongly on
absorption structure can obtain the characteristic informatio o ;
about the transition-metal ions in tetrahedral and octahedr%b e Zn content. 'I_'h|s IS cle_arly reflected n the IEg3—edge_
symmetry, respectivell? In a separate study, the XAS mea- A§ :'spec_tra, which contains an absorption characteristic of
surements using the sample drain current mode at room ten_'1:—e3 lons in bOth tetrahedral*anq octahedra_l symmetry, caus-
perature were performed at the Ni and [Eg; edge on bulk ing _the broadening o anda* with decreasing Zn concen-
Zn,Ni, _,Fe,0, samples(x=0.0, 0.13, 0_25, 0.5, 0.75, and tration. On the other hand, the FWHM (_)f peakof _the Ni
1.0).X Figure 4 shows the photon-flux-normalized Ni and FeSPectra were found+tc_) be nearly identical for different
L, sedge x-ray-absorption spectra of K, _,F&,0,. All of showmg thgt the l\?l ions occupy only theB sites. Thls
the spectra shown have been scaled to the maximum of th(‘é)nclusmn is consistent Wlth the results of neutron diffrac-
peak heights(labeleda). As seen in Fig. @), peaka is tion measurgmerﬁsand i|t§-preference_ calculatiohsThe
accompanied by a lower-intensity peélbeledb) located ~EXAFS studies found Ni" ions occupying bottA and B
just above the NiL, edge, while thel,edge whie line - 2 B TIE R S0 o e, o erences
feature exhibits a peak doublet. In contrast to Fi) Apeak of the raw materials between the bulk and thin-film used
and/or the procedures used to prepare the samples.
We now discuss the MCD asymmetry ratio in relation to

()

Ni La;-edge the 6y of the Ni magnetic moments. Referring to the equa-
tion of Oy (x)=cos ! [asy(x)/asy(0)] and introducing the
x=0.75 value of asymmetry ratio which were already obtained, the

X=0.5 Oyk of the Ni magnetic moments thus determined are 0°, 0°,
31°, and 51° forx=0, 0.26, 0.5, and 0.75 samples, respec-
tively. Figure 5 compares the,k of the Ni moment deter-
mined from our MCD measurements with those obtained
from neutron diffractioA and Massbauer measuremerits.

Normalized Absorption (Arb. units)

1 Since the neutron-diffraction data allow one to deduce only
LY the total moment of the Pé and NP ions in theB sites, on
840 850 860 870 880 the other hand, the Misbauer techniqgue measures only the
®) Fe moments; theyx determined thus are attributed to the
(1*) Fe L.s-edge YK canting of the Fe moments. Th#« vs x plot of the Ni

moment exhibits similar characteristics to that of the Fe mo-
ment as well as the average of the Fe and Ni moment, i.e., a
monotonous increase i\ for Zn content above a thresh-
old value, the reduction in the net Ni moment due to the
presence oflyy thus demonstrates that YK-type canting also
occurs for the Ni magnetic moments. More interestingly, the
threshold Zn content for the Ni moments seems to be lower

Normalized Absorption (Arb. units)

T than that for the Fe moments, and thg are larger for Ni

. @ , , than for Fe. Leunget al2 interpreted the reason for thiy
700 710 720 730 determined by the neutron-diffraction method will be larger
Photon Energy (eV) than that determined by Nsbauer spectroscopy. An expla-

nation based on the relative strength of the
FIG. 4. Normalized NL , redge(a) and FeL, sedge(b) x-ray- Fe**(B)-FE€"(A) exchange interactions are about three
absorption spectra of ZNi;_Fe,0,. times larger than that of the Ni(B)-Fe** (A) interactions,
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=0.25, beyond which theglecreasanonotonously as shown
801 Zn Ni, Fe0, in Fig. 2 of Ref. 8, exhibiting opposite characteristics to that
¢ MCD (NiL of YK-type canting angledy of magnetic ions, i.e., a mo-
4 Neutron 2) notonousincreasein 6y for Zn content above a threshold
60| © Mossbauer value as shown in Fig. 5. The results support the hypothesis
0 Massbauer that the variations o#yx are strongly associated with the
i hybridization effects between Op2and magnetic ion &
1 orbitals in Zn-Ni ferrites. It is also worth noting that there is
@ a difference in threshold Zn content for the Ni moments
+ % seem to be lower than that for the Fe moments, this implies
that the influence of Zn doping on the superexchange cou-
20 @ pling is different for Ni-O-Fe/Ni as compared to Fe-O-Fe/Ni.
While the above explanations regard quantitatively magni-

eYK (Deg.)‘

tudes of 6yx for the Ni moments and that for the Fe mo-
06— D m.og . ments, some possible effects shall also be taken into account
0.0 02 0.4 0.6 0.8 1.0 for fyk . Due to the reason that there is not only a difference
X in the meaning of magnetization as determined which has
already been mentioned, but also the effect of the external
FIG. 5. Yafet-Kittel canting anglesiyx , as a function of zn ~Magnetic field applied? the measured temperatufkloss-
content, x, from different magnetic measurements of bauer data were taken at 7,Khe random distributions, and
Zn,Ni,_F&0,. The dashed line serves only as a visual guide forthe equal moments of the i and FE* ions in B sites,
the MCD data®). (A) represents data from the neutron-diffraction respectively. Nevertheless, we would like to point out that
method(Ref. 2. () and(<) represent data from fMsbauer stud- our results concerning theyy apgles, as shown in Fig. 5,
ies (Ref. 3. provide new evidence that the Bleype collinear ordering

. : . _of Ni?" jons is occurring orB sites when the Zn content is
since the strength of the exchange interaction is strongly ingajow nearx=0.26. While the critical Zn substitution, the

fluenced by the value oby in these compoundsAs a YK-type of the spin arrangement also developed fof*Ni
consequence of this conclusion, it follows that the averaggyns increases linearly as a function of Zn content in Zn-Ni
canting angle of the averagh, of Ni*" (B) ions will be  ferrites. Such a technique will also be applied further to the
_quahtatwely greater than that of %(B) ions; .therefore., more complicated case of He, yedge MCD spectra. Ide-
just as expected, théyx angle determined with the Ni- gy it is possible to use this technique individually to deter-
specific MCD spectra will be larger than that determinedmine the orientation of the Fe moment in Zn-Ni ferrites:
with the Maossbauer spectroscopy, and theg angle de- poyever, one shall face a task due to the fact that fiens

duced from the neutron-diffraction method is just an inter-4jign antiferromagnetically and may provide no net magnetic
mediary between the two mentioned techniques, which,oment.

agrees well with our results as shown in Fig. 5. Furthermore, |, summary, we have shown that th@n-content-
one reasonably believes that the increase infheof mag-  gependentabsorption measurements contain information on
netic ions means that a decrease_ln the_ overlap of_th_e Wa\Re magnetization of the Rif ions in octahedraB sites, and
functions between two nearest-neighboring magnetic ions &t the MCD spectra reflect directly the orientation of the Ni
well as that between magnetic ions and oxygen anions, leaggagnetic moment in Zn-Ni ferrites. This allows one to inde-
to a reduction in s_uperexchange interactions occurring _bependently determine the YK-type canting angle and mag-
tween the magnetic ions and mediated by the interveningqiic properties for Ni" ions, even when the composition

oxygen anions. It is interesting to look at the trend of @ 2 5 NP+ and F&* ions at the samB sites in Zn-Ni ferrites.
magnetic ion 8 hybridization effects to associate the varia-

tion Oy of magnetic ions with Zn content. In an earlier O  One of the authoréW.F.P) acknowledges support by the
K-edge XANES study of ZjNi; _,Fe,0,8 we found that the National Science Council of the Republic of China under
two distinct pre-edge features vary systematically as a funGontract No. NSC86-2613-M-032-004. The N, redge

tion of the Zn content in these compounds. The decreases MCD measurements were performed at the AT&T Bell
the intensity of preedge features with the increagedicates Laboratories Dragon beamline at the NSLS and the separate
that Zn substitution reduces couplings of the @ @rbitals  Ni and Fel , ;-edge x-ray-absorption spectra were measured
with the magnetic ion 8 orbitals. Strictly speaking, it re- at the high-energy spherical grating monochromator
veals that, as the concentration of Zn is increased, the intefHSGM) beamline at the Synchrotron Radiation Research
sity of pre-edge features is more or less constant up to Center(SRRQ.
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