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The magneiic properties of ferrimagnets are determined by the type of omwdering
and strength of couplings of their magnetic atoms. ‘The saturation magnetimzation
and the Curie temperature obtained from magnetometric measurements are usuakly
treated as characteristic parameters of a sample under investigation /1/. This
is certainly correct for concentrated ferrimagnets, however, it may be nokt so for
diluted ones, particularly at elevated temperatures. Diluted ferrimagnets are
not homogeneous as far as the strength of magnetic couplings between ions i® con-
sidered. This is due to the random distrabutlon of non-magnetic atoms imside
a given type of crystallographic position.

A bulk material is often considered to be divided into small regions af which
the dimensions are widely varying throughout the crystal /2/. Magnetic ordering
exists within these regions, whereas the magnetic interactions between neigh-
bouring regions are supposed to be rather small, depending on the degree wf di-
lution. There are thermally activated fluctuations of magnetic moments within
regions and/or fluctuations of magnetization vectors of the regions, whick are
usually described in terms of magnetic /3-5/ or superparamagnetic /6-8/ relax-
ation processes. They cause the saturation magnetization of a sample and sanse-
quently its Curie temperature to be, from the microscopic point of view, time
" dependent functions. Thus, the experimentally determined saturation magnet-
ization and Curie temperature are values averaged not only over the volume of the
semple but also over the time interval of the measurement. Particularly this is
the case for a magnetometric method, because it is a macroscopic method with the
observation time of the order at least a few seconds. Magnetometric measurements
are performed for external magnetic fields usually of the order of up to about
100 kOe. Such fieldes have strong influence on the rate of magnetic or superpara-
magnetic relaxation processes. Moreover, the application of high external mag-
netic fields may even chenge the ordering of ionic magnetic moments in ferrimag-
nets /9,10/, similarly as is observed in entiferromagnets /11,12/. Thus, the
values of .saturation magnetization end Curie temperature determined for diluted
ferrimagnets by means of the magnetometric method may not necessarily have the
same physical meaning as those determined for concentrated ferrimagnets.
Comparison of the results obtained for diluted ferrimagnets by the magnetometric
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‘method .with those resulting. from complementary methods are therefore of great
importance. )

The M8ssbauer spectroscopy has proved to be a very good microscopic tool for
studying the properties of diluted ferrimagnets /13,14/. This is due to its
high energy resolution and short observation time. The 5TFe M3ssbauer spectro~
scopy can, for example, resolve two Zeeman patterns originating from hyperfine
magnetic fields which differ by about 6 kOe. Thus, in contrast to the magneto-
metric method, MYssbauer spectroscopy is used for studying sublattice magnet-
izations /15/, and even their structure caused by the rendom distribution of
non-magnetic atoms /16-19/. Such investigations do not require the application
of external magnetic fields. However, if the external magnetic field is used
its influence on the sublattice hyperfine fields can be directly observed.
Moreover, the M8ssbauer spectroscopy can register the fluctuation of hyperfine
fields provided that its rate 1s of the order of the Larmor frequency /about
108 Hz for 5TFe/ of a nuclear magnetic moment.

Diluted ferrimagnets often show M8ssbauer spectra with shapes stronsly de-
pendent on temperature and on applied external magnetic field. Such behaviour
is explained either by a random distribution of non-magnetic atoms and/or by re-
laxations of the magnetic or superparamagnetic type. Nickel ferrite-aluminates
NiFe2 t‘ut°4 /0<t <2/ are good representatives of diluted ferrimagnets since
non-magnetic A13* ions enter both the tetrahedral /A/ and the octahedral /B/
sites /20/.

In this paper we report some new results of 57Fe and 61Ni M8ssbauer effect
investigations of NiFez_tkltO4 series performed in a wide temperature range and
in high external magnetic fields. The results of our earlier studies have been
published elsewhere /21/. In the present study special attention has been paid
to the influence of temperature and external magnetic field on the shape of the
MYssbauer absorption spectra. The 5TPe measurements.have been performed for the
t = 0.2, 0.75, 1.0, 1.25, 1.3, 1.35, 1.5, 1.75 and 1.9 samples in a temperature
range from 4.2 K to temperatures above appropriate Curie temperatures. For the
t = 1,25 sample additional 5Tre spectra have been taken at 301 K in the trans-
verse external magnetic fields of 1 kOe and 4 kOe, while the ¢t = 1.5 sample has
been measured at 4.2 K in the longitudinal external magnetic field of 60 kOe.
The 61Ni measurements at 4.2 K have been done for the ¢+ = 0.2, 1.0, 1.5 and 1.9
samples. For the t = 1.0 and 1.9 samples additional 51Ni spectra have been ob-
- teined at 4.2 K in H_,, = 60 kOe parallel to the gamma-ray direction. Some
typical 5Tpe M8ssbauer spectra of weakly /t = 0.2/ and highly /t = 1.5/ diluted
samples are shown in Figs. 1 end 2, respectively.

Low temperature 5Tpe spectra of all the investigated samples are interpreted
as composed of tetrahedral and octahedral Zeeman patterns. The influence of the
random distribution of A13+, N1 and Ee3+ ions in the A and B sublattices on
the internal megnetic fields H/A/ and H/B/ corresponding to A and B sites, mani-
fests itself as the broadening of Zeeman components. The observed Zeecman pat-
terns are treated as not influenced by relaxation processes as long as the ratioc
ry = A/ 34 (or r, = A25/A34) is temperature independent; Aid denotes the
distance on the velocity scale between the i-th end j-th Zeeman line. The
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values of Ty and T, for static Zeeman patterns are 6.33 and 3.67, respectively.
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The above procedure is justified
since the spectra exhibiting
Zeeman paiterns show no apparent
- quadrupole interaction. It is
also the case for most investi-
gated hitherto diluted spinels.
This fact can be explalined by
taking into account the direc-
tions of easy magnetization and
of the EFG principal axes /22/.
At elevated temperatures re-
laxation processes begin to play

Fig. 1. 57Fe M8ssbauer spectra of
NiFe1.8Alo.204 at the tempera-
tures of: A - 77 K, B ~ 601K,
€C-700K, D- 750 K, E - 770 K,

an important role. They appear
at lower temperatures for highly
diluted samples than for weakly
diluted ones. This is reflected
in the MYssbauer spectra in the
form of Zeeman line broadenings,
larger than the broadening at low
temperatures /Figs. 1 and 2/, and
in a distinct increase in the

> values of r, end 1, /Pigs. 3, 4/.

Fig. 2. 57Fe MYssbauer spectra of
NiFeo.5A11.504 at the tempera=-
tures of: A - 82 K, B - 92 K,

C- 138K, D- 162 K, E - 185 K.

The magnetic relaxation MY¥ssbauer spectra are characterized by rather narrow and

intense inner linea as compared with the broad outer ones.

The growth of the

inner lines at the expense of the outer ones is observed as temperature in-

creases.,

The inner lines are the part of the relaxation Zeeman pattern and can

not be treated as the superparaﬁagnetic doubdblet orié&nating from the superpara-
magnetic clusters /23/, unless the distinct structure of the inner lines can be

clearly seen /24/.

external magnetic field, even of the order of a few kOe /Fig, 5/.

The shape of the relaxation spectrum changes in an applied

The described
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influence of temperature and of a relatively weak external magnetic field on the
shape of the M8ssbauer spectra’is treated as evidence of the exlstence of relax~
stion processes of the magnetic type in the investigated series.

ﬁT

Y

T ™

|

l'y- ; it
1
|

(3

/T —

.{ }
| |
= ) |

ol
Lo
© 7y —

magnetic field.

A relaxation spectrum is fully transformed
into a quadrupole doublet at the tempersture
above 'which the separation of the inner linesA

is found to be only slightly dependent on the

,{1’

temperature /Fig. 6/. Some MYasbauer absorption
spectra of sach of the investigated samples show
relaxation features over some temperature regions
below its Curie temperature. These regions are
narrow for weekly diluted sempies and relatively
wide for highly diluted ones. This is clearly
seen in Fig. 7, in which three temperature re-
gions A, B and C are distinguished. In region A

-normal /static/ Zeeman patterns are observed.

Relaxation M3ssbauer spectrs are found in region

Fig. 3. ry /¢/ and T, /o/ versus reduced tempers-

.‘ture T/T tor NiFs1 8‘10 2O4

B, while in region C quadrupole doublets are reg-
istered. Por each of the investigated samples a
quadrupole doudblet is observed below the magneto-
metric Curie temperature. Similar behaviour was
reported for the other terrimegnsts /2,8,25,26/,
This seems to be clear evidence of the influence
of the external magnetic field on the results de-
rived from megnetometric measurements. ¥For con-
centrated ferrimagnets this influence is removed
by the extrapolation of saturation magnetization
values, for a given temperature, to zero external

Fig. 4. vy /¢/ aud ry /0/ versus reduced tempera-

. ture '1‘/1‘° for Ni?e°.5A11.504.

However, this'ean not be correctly done for diluted ferrimag-

nets since their msgnetic properties, investigated in an external magnetic
field, strongly depend on the value of the field’s strength and are distinctly

different from those in a zero external magnetic field.

This fact is due par-

ticularly to the stabilization of relaxation processes by the applied external

magnetic field.
The broadening of time-independent Zeeman spectra /reglon A in Pig. 7/ can be

explained by a random distribution of Pe3+, Ni2+ gnd A13+ cations in the tetra-
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hedral and in the octahedi-sl sublattices. A tetrahedral ion has twelve nearest-
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' =neighbour B-site ions and four nearest-neighbour A-site
“ions, while an octahedral ion has six nearsst-neighbour

A-site ions and six nearest-neighbouxr B~site ions /27/.
The distribution of Pe>*, Ni2* and 417" ions between the
A- and B~gites has been determined previously /20,21/.
Taking 1t into account, the probabilities of various
possible nearest-neighbour B or A, or B and A, type con-

figurations around a given tetrahedral or octahedral site -

ion can be calculated from the well known bionomial for-
mula, assuming a statistical distribution of the ions in
the tetrahedral and octahedral sublattices., In principle
one Zeeman spectrum may be attributed to each of the
nearest-neighbour configurations around the ferric ion in

Fig. S. 57?0 M8ssbauer spectra of NiPeo.75411.25 at 301 K
when the transverse external magnetioc field H, . = 0 /A,
Hogg = 1 kOe /B/ and Hoyt = 4 kOe /6/.

S

Y Y

{ the A or B gite. In order to explain

| the influence of the random distribu-

tion of ro"’, Ni2* and A13+ ions on

1 the hyperfine magnetic fields H/A/

gnd H/B/ acting on 5Tpe nuclei at the .

| A and B positions, respectively, one
has to consider the strength of all

Pig. 6. Separation between innermost

lines A 34 Vversus reduced temperature
T/T, for NiFe, cAl, 50,.

12 18 20 24

V7T, —

e —

Pig. 7. The diegram of the types of M8ssbauer
spectra for the NiFe,_ ;Al;0, series. Three tem-
perature regions are distinguished: A - time-
rindependent Zeeman patterms regiom, B - relax-
ption region and C - quadrupole doublets region.
Phe dashed lines indicate extrapolation.
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couplings between magnetic ions. In most of the MBssbmuer effect investigations
of spinels performed hitherto, it was usually assumed that A-A and B~-B couplings
are negligible when compared with a strong A-B coupling. This is not the case
for the NiFe, A1,0, series, since besides antif_erromégnetic Fe/A/~Fe/B/ and
Pe/A/-Ni/B/ couplings, also the ferromagnetio Fe/B/-Ni/B/ coupling of comparable
strength, exists /1/. This was at least numerically verified for the t = 0.0
sample /15,28/.

It is a well established fact in the M3ssbauer spectroscopy of spinels that
the distribution of H/B/ is much larger than that of H/A/ /14,25,29,30/, This
is also observed in the investigated series. Therefore, one H/A/ value is used
in a fitting procedure. The small distribution of H/A/ values is included in
linewidths of the Zeeman pattern corresponding to the A sublattice. The dis-
tribution of H/B/ values is caused by the weakening of Fe/A/-Fe/B/, Fe/A/-Ni/B/
and Fe/B/~-Ni/B/ couplings when the samples are diluted with Al atoms. For a
given nearest-neighbour configuration of the A and B type ions around the octa-
hedral ferric ion, the hyperfine magnetic field acting on 57Fe nuclel at the B
positions may be approximated by the formula:

Hp(k,1,m,n) = Hy(0) + k AH, + 1AH, + mAHy + nAH, ,

where HB( 0) is the hyperfine field at the B site corresponding to the nickel
ferrite /t = 0.0/ configuration, while kAH1, lAH2 and mAH_3 characterize
changes of H/B/ when k Fe/A/, 1 Fe/B/ and m Ni/B/ atoms are replaced by k, 1
eand m Al stoms, respectively; nAH4 accounts for the replacamenté of n Fe/A/
atoms by n Ni/A/ ones. Bach set of k, 1, m and n integers corresponds to a
given configuration of nearest-neighbour A- and B-gite ions around an octahedral
ferric ion. The sum of probabilities of configurations which are taken into ac-
count in the HB(k,_l,m,n) fitting procedure is close to unity. The area under a
Zeeman pattern corresponding to a given configuration is proportional to the
probability of that configuration. The quadrupole interaction is assumed to be
gzero, both for the A and B sublattices. Three linewidths and one isomer shift
are used as fit parameters for all B-site Zeeman patterns. Fig. 8 shows, as an
example, the spectrum of the t = 0.2 sample at 404 K fitted with one A-gite and
twenty five B-site Zeeman patterns. The procedure for deriving AHi values from
v — i the fitted spectra, which is in prog-
1 ress, will make it possible to inves=~
tigate the changes in AHi parameters
with temperature and concentration of
Al atoms. These parameters are very
important since they characterize the
supertransferred hyperfine fields in
the investigated series /25,31,32/.

3

Pig. 8. 5Tpe Mdssbauer spectrum of

{ |NiFe, gAly 50, at 404 K. The solid

W line is a fit according to a procedure
described in the text.

RELATIVE TRANSMISSION

VELOCITY ( MM/S )
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The Van Der Woude =~ Dekl_:er degoription of the magnetic relaxation in Mdss-
bauer spectra /3/ 1s being adopted for our spectra from the region B /Fis. 1.
We hope to obtain some information on the influence of temperature and sample
dilution on the relaxation time. . 8
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The 571'9 apectra of the ¢t = 1.5 sample

‘measured at 4.2 K in gero and 60 kOe longitudi-

nal magnetic field /Pig. 9/ show several inter-
esting features. The spectrum in Fig. 94 is de-
composed into three, while that in Fig. 9B -~

= into four components /Table I/. Component I
of the zero external magnetic field aspectrum is
the most intense one. It is concluded from its
intensity and linewidth that both tetrahedral
and octahedral Zeeman patterns are contained in
this oomponent.' In order to elucidate on the
broadening of the spectrum lines the fitting
procedure for spectra from the temperature re-
gion A in Pig. 7, described above,is to be used.

'P:Ls. 9. 57Fe M8ssbauer spectra of Nireo.5u1.504

at 4.2 K in a zero external magnetic field /A/
and in a longitudinal field of 60 kOe| /B/,

Table I. Results of data analyses by the transmission integral method based on

the zero-field spectrum in Fig. 9A and on the applied-field spectrum in PFig. 9B.
Notations used: ¢ - fraction of the total intensity of a component /derived from
areas/, § - isomer shift with respect to pure Fe at 4.2 K, u - unpolarized frac-

tion; y and M,(H) refer to absorber widths /see ref. /33//.

Values marked with

sxwere kept constent during the fit. Standard deviations are given in parenth-

eses. _
/A/ HGxt = °
Component | ¢{%) | & (mm/s) (Hpe) (kO€) | y(mn/s) | H,(H) (kOe) |
I 86(2) | 0.215(0.006)] 452.9(0.5)| 0.35{0.04)( 14.7(0.8)
II 4(2) | 0.35(0.03) 522(2) 0.1* o*
IIT | 10(2) | 0.25(0.02) 0 0.72{0.09)| - -
/8/ Hoyt = 60 kOe
Component | ¢(%) | & (m/s) (Hy ¢> (kOe) x(m/s) +(H) (kOe)| u
Ia | 55(2) | 0.213(0.009)| 478(1.4) | 0.35* 22.8(1.4) |0.84({0.03)
Ib 27(2) | 0.213(0.009)} 412.1(1.3)| 0.35% 11.5(2) 0.76{0.06)
I 2(11 | 0.35% 585(3) 0.1% o 0*
III | 16(2) | 0.25(0.05) 65(2) | 0.7* o* o*
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Component II comes from those B-site ferric ilons whose néaresf-noighbour coordi-
nation shell is more rich in Fe and Ni atoms than on the average. It is to be -
noted that such a component 1s observed throughout the whole composition range
/0<t<2/ and its intensity decreases with dilution t, as should be expected.
The component III is situated near zero velocity. It may come from Fe atoms
which have been excluded from magnetic ordering due to the high Al dilution of
the t = 1.5 sample or/and from Fe impurities in the berylium sample holder.

The very weak /of the order of 1 % of the total intensity/ non-megnetic compo-
nent is also indicated in the 6“l!l:l. spectrum of this sample. The above mentioned
alternative i8 to be solved in the following experiments. The external magnetic
field increases the Zeeman splitting of component II by a value directly corre-
sponding to H. ext = 60 kOe and induces a Zeeman splitting of non-magnetic compo-
nent III. Component I is split into two parts Ia and Ib.

As is known from our magnetometric date /Fig. 6 in ref, 21/ the saturation
magnetic moment per molecule has a negative value for samples with 0.63<t<1.6.
Therefore, the A sublattice magnetization is parallel, while the B sublattice
megnetization is antiparallel to the external magnetic fleld vector, provided
that collinear ordering of atomic magnetic moments exists. The collinear order-
ing has been proved for samples with t1.25 by our magnetometric and neutron
diffraction measurements /21/. In a collinearly ordered sample from the
0.63<t<1,6 region, with domains aligned parallel to the external magnetic
field vector, the value of Hext should be added to the H/B/ value. This is ex~
actly the case for component II of the Hext = 60 kOe spectrum. Thus, at least
component II corresponds to iron B sites in which iron magnetic moments are col=-
linearly ordered and aligned antiparallel to the external magnetic field vector.

The non-zero intensity of Am = 0 lines of components Ia and Ib /Fig. 9B/ is
certainly direct evidence that iron magnetic moments are not aligned parallel to
the hyperfine magnetic field direction. However, this need not be necessarily
treated as a proof of the non-colline&r ordering of the t = 1.5 sample. Since
the component II has been shown to be assigned to such B-gite positions which
are occupied by iron atoms with collinearly aligned magnetic moments, it is
rather unlikely that non-collinearity will occur for iron atomes with a nearest-
-neighbour shell less rich in magnetic acoms. The dilution process, which ef-
fects both the A and B sublattices /21/, diminishes all inter- .and intrasublat-
tice magnetic couplings, probably without any distinct preference. The composi-
tion t = 1.5 is very near the compensation point composition /%t = 1.6/, i.e. for
the ¢+ = 1.5 sample the A sublattice magnetization only slightly surpasses the B
sublattice magnetization. A small external magnetic field of the order of a few
kOe will cause partial alignment of magnetic domains, if a collinear ordering of
the sample is assumed, The A-site magnetization will be approximately parsllel,
while the B-site magnetization will be approximately entiparallel to the exter-
nal magnetic field vector. Therefore, the A-site magnetization will be in an
equilibrium energy state, but the B-site magnetization will not. An increase in
the value of Hort will "bend" the antiferromagnetic coupling between the A and B
sublattioce magnetizations /9,11,34/. The magnetic moment vectors of the A and B
sublattices /E‘ and i’B/ will make the engles o, and 180 - < with ﬁ.ext’ re-
spectively /Pig. 10/. op is larger than «; since my>mp. If a sample is con-
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sldered as composed of small regions with various cetion environmente around the
A and B sites, then the wide distxibution of the ogA and °‘B angles, now de-
scribing the directions of A and B magnstic moments in
;theee regions relative to Hext’ is expected. The result-
ing magnetic moment of a given region @ = m B and the
angles ‘1 and “B depend on the strength of the applied
magnetic field. The observed effective hyperfine magnet-
ic field ﬁ' he in 2 given crystallographic position is the
vector sum B’ = ﬁ' + E—{’ of the hyperfine field !_i’o

ag observed in thie poeition in zero applied field, and
mewﬁnduumdmmmucﬁud? When B » H_ .
then the a,nglee “A and °‘B close to 90 degreee will give
'Bhf values not much different from Ho, while those close

Fig. 10. The orientation of tetrahedral and octahedral
megnetization vectors relative to ﬁ'xt vector.

t0o O degrees will give two well resolved Zeeman patterms. Intermediate situ-
ations are to be also considered while fitting the measured spectrum. The as-
sumption of non-collinear ordering of the t = 1.5 sample has not given a satis-
factory fit /solid line in Fig. 9B/ of the components Ia and Ib even when a
large portion of non-polarized magnetic domains was taicen into account. The
spectrum in Fig. 9B appears to be explained by the influence of Hext on the A
and B magnetization vectors, as discussed above. In order to prove this inter-
pretation, M3ssbauer spectra are to be taken at 4.2 K in various external mag-
netic fields. The influence of Hext on the shape of M3ssbauer spectra, as re-
ported in /10/, is supposed to be explained by the interpretation discussed
above,

The results derived from 61Ni M3ssbauer spectra /Figs. 11-13/ are compiled in
Table II. For the t = 0.2 and 1.0 samples Ni atoms were assumed to occupy only
the B sites, while for the t = 1.5 and 1.9 samples the occupation of both the A
and B positions by Ki atoms was taken into account in a fitting procedure.

Table II. Results of data analyses based on the 61Ni spectra in Figs. 11-13.
The symbols are the same as those used in Table I.

t | Hopy(kOe)| |H(B)] (kOe) quZH(B)) (x0e) | [H(A)] (kOe) fug(n(a» (x0e)
0.2 0 94.5(0.9) 6.7(0.2)
1.0l 0 99.1(0.2) 5.1(0.3)
60 161(2) 5.8(0.4)
1.5 0 84.6{0.2) 7.2(0.4) 101.9(1.3) 0
1.9 0 68.2(0.3) 9.4(0.4) 87.0(1.3) 0
’ 60 . | 59.7(0.3) 22.6(0.5) 111.4(0.9) 0
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‘Pig. 12, 1M1 spectra at 4.2 K of NiFeAlO,
in zero external magnetic field /A/ and in
a longitudinal extermal magnetic field of
60 kOe /B/.

The hyperfine megnetic fields acting on °'Ni nu-
clel at the B sites H/B/ were found to have
values similar to those observed for other
spinels /35/. They are smaller as compared with

A-site hyperfine fields H/A/, which however are

not 80 great as those reported in the literature
/35/. Both fields decrease with dilution t, the
B-site hyperfine fields faster than the A-site
ones. The collinear ordering of magnetic mo-
ments for the t = 1.0 sample was shown by taking
a 8151 spectrum at 4.2 K 4n the longitudinel ex-
ternal magnetic field H,,. = 60 kOe /Fig. 12B/.

" This spectrum is interpreted as being due to Ni

atoms occupying only the B positions with mag~

‘Pig. 13, S'Ms speotra at 4.2 K of HiPe, jAl, 0,

in zero external megnetic fleld /A/ end in a

" longitudinal external magnetic field of 60 kOe

‘

/8/.



netio moments aligned antiparallel to the external magnetic field vector. The

ext value was found to be added to the B-site hyperfine field value and it
,means that the sign of the B-site hyperfine field is negative. The 61N1 M8ss-
bauer spectrum of the t = 1.9 sample measured in Hoyt = 60 kOe /Fig. 13B/ has a
peculiar shape which can not be well fitted assuming a collinear alignment of Ni
magnetic moments parallel to the external magnetic field vector., It may reflect
the influence of Hext on the ordering of the A and B sublattice magnetizations,
a8 has been discussed earlier for the 57Fe spectrum of the t = 1.5 sample
measured in Hext.‘ 60 kOe. The comparison of spectra in Fig. 13 shows that Hext
‘diminishes the B-gite hyperfine field /larger line intensity in the center of
the spectrum/ end increases the A-site hyperfine field /smaller line intensity
in the outer parts of the spectrum/. Taking into account that for the t = 1.9
sample mBj'mA, it may be concluded that the signs of hyperfine fields at B and
A sites are both negative. A distribution of the angles « and “B has to be
taken into account in order to get a satisfactory f£it in Pig. 13.

Further M8ssbauer effect investigations of'NiFea_tAlt04 series are in
progreses.

We would like to thank Dr. W. Zarek for providing us with the samples.
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