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ABSTRACT

We report a systematic study of the structural anagnetic properties of frustrated
compounds of G#nz-,04 (1.2 < x < 1.6) prepared by solid-state reaction. Using Rietv
refinement of X-ray diffraction patterns and O'NBvrotsky model, we demonstrate that
the system G#Mn3-,04(1.2< x < 1.6) is an inverse spinel with low inversion paeden, in
which G&* replaces MH' cations located in B-sites. The inverse magneticeptibility, the
shape of ZFC/FC magnetization curves at low tentpers, the existence of hysteresis in all
compounds, the frustration parameter and the speats magnetization analysis show that
the compounds with x = 1.2-1.4 exhibit a non-ceén ferrimagnetic order and the
compounds with x = 1.5-1.6 exhibit a frustrated 1cotlinear ferrimagnetic order. Spin wave
stiffness parameters were determined for each cempo using the fitting results of
spontaneous magnetization curves. It is demondtihig for the compounds x = 1.2 - 1.4
with a non-frustrated ferrimagnetic order, the demf spontaneous magnetization Ms(T)
obeys to Bloch's law ). For x = 1.5 - 1.6, the compounds exhibit a frastd ferrimagnetic

order, and the Ms(T) shows a deviation from Blots.

Keywords. Spinel, Cation distribution, Ferrimagnetism, Magndtustration, Spin wave

Stiffness parameter.
1. Introduction

Magnetic spinels with general formula AB, are a large class of oxides with remarkable

magnetic properties which make them interestingofath the fundamental and technological
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levels. They are promising in a wide range of amtions such as multiferroic devices
spintronicé, cathode materials with high energy densttiesicrowave§ sensors forc and
dc magnetic field§ magnetic hyperthermiaand magnetic refrigerationThe diversity of
their magnetic properties is associated with thmpdexity of their magnetic structure which
leads to peculiar effects, such as magnetic friigtraor multiferroicity. In spinel structure
AB;O4, the A ions occupy tetrahedral sites and B ions occupghmttral sites. The B sites
form a pyrochlore network of tetrahedrons linked thgir vertices; the antiferromagnetic
interactions between the first neighbors B leadttong magnetic frustratiBnThe diamond-
like network A has an antiferromagnetic collineadey with long-range magnetic frustration;
this frustration is due to a competition betwees ititeractions of the first, second and third
neighbors **°. The frustration could also be originated from ttleemical disorder or
competition of da, Jxg and 3g interactions, as in spin glasse$? As a consequence, the
substitution in two sublattices A and B, occupigdniagnetic ions, by different magnetic or
diamagnetic ions, lifts a part of the degeneratiod leads to magnetic states which can break
the inversion symmetry and allow the appearancéstdinating physical effects In this
perspective, the M, is an interesting compound to investigate the erfee of ion
substitution on its magnetic properties. J@acrystallizes in the Idamd space group, it is a
normal spinel with MA" divalent ions in tetrahedral sites (A) and Mrivalent ions in
octahedral sites (B). It shows a non-collinear negigrorder below Te: 42K, while below
33K the magnetic structure is non-collinear of Wafet-Kittel type. The moments of Mh
ions (A) are directed along the [010] axis and M ones (B), located in the plane (100),
are divided into two sublattices, each forming agla of 69° with the [010] axis so that the
resulting B moment is antiparallel to that of thesife. Between 33 and 39K the B magnetic
moments form a spiral with a propagation of the netig moment along the [010] axis, and
between 39 and 42 K, the structure is collineahwigel typé®. In addition, using neutron
diffraction, it was shown a complex magnetic stuoetwith a diffuse scattering component
characteristic of a short order distance which ipeysat room temperature due to the
geometric frustration imposed by the pyrochloremoek B'®. Therefore, it is interesting to
study the magnetic behavior of the,@las.10, system (1.X x < 1.6), where the substitution
takes place in the pyrochlore network, the sulg@atéh being occupied by a magnetic ion
Mn?*. The synthesis and structural properties ofMB&..O. were recently studiel .
However, no study concerning the magnetic propeni@s reported on the @G&nz,O,
system. It is known that in spinels, the catiortrdigtion in octahedral and tetrahedral sites

strongly influences the structural and magnetigprbes; the cation distribution in these two
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sites are subjected to many factors, such as #mamtion method, temperature and eventual
impurities®. So, it is important to determine the cation disttion for each system. Several
studies were made to characterize the cation loligion in spinels and related their
thermodynamic properties to structural informatign 2° 2 22 - 22 O'Neill and
Navrotsky?*  >>developed a thermodynamic model, widely used t@utale the cation
distribution from thermodynamic constaffts?’28: 2% 3%: 31 |5 this work we present the
synthesis of the solid solution @énz404 (X = 1.2-1.6), we discuss the structural propertie
according to the structural parameters (cell patareeand cationic distribution), we use
different models for Rietveld refinement, and OINand Navrotsky's model to calculate the
cationic distribution in different sites from thieetrmodynamic constants. We also present a
study of the magnetic properties using magnetinati@asurements; the detailed relationship

between the structural and magnetic propertiesalsasinvestigated.
2. Experimental

Polycrystalline GaMnz.,04 (0 < x < 2) compounds were synthesized using solid-state
reaction method. Stoichiometric amounts of &x and GaOs (purity 99%) were mixed,
grounded and annealed at 1000°C during 48h. Thedr@at powder was then pressed into 13
mm-diameter pellets at 377 MPa, annealed in alr1@0°C for 48h and heated at 1350°C for
24h. The cooling rate was set at 1°C/min. X-rayfrddtion (XRD) measurements were
performed at room temperature for all samples u8iagalytical X'Pert Pro diffractometer.
The recording was carried out with a wavelerigth1.5405A, in the angular range 16°%<2
130° with a counting step of 0.0083°. The data wemmalysed using Rietveld method as
implemented in the Fullprof prograth. The changes of magnetization as function of
temperature under a fixed value of applied magrietid were performed in two temperature
ranges using Quantum Design MPMS-XL5 SQUID magnetem from 5 - 300K under an
applied magnetic field of 0.1T and through zerddfieooling (ZFC) and field cooling (FC)
procedures on the temperature range 2 — 50K atpphed magnetic field of 0.005 T.
Magnetization measurements as function of appliegmatic field were carried out in two
magnetic field ranges, i) hysteresis loops werenaad at 2K from -5T up to +5T; and ii) first
magnetization measurements from OT up to 9T akewifft temperatures using Physical
Property Measurement System (PPMS) from Quantum igBesThe spontaneous
magnetizations Ms(T) were determined by extrapatato H = OT of the linear variation of

M (H) near saturation.



3. Resultsand discussion
3.1.Structural properties

According to the XRD patterns of the 3,0, samples (0< x < 2) obtained after
annealing at 1350°C for 24h, four regions can kbuded. For & x < 0.2, the patterns show
characteristic peaks of a single tetragonal spheke typical of M§O,. When 0.3 x < 1.1,
the patterns indicate the coexistence of two phagdsc and tetragonal. For 12x < 1.6,
only one phase is observed which corresponds t spinel withFd-3mspace group. For x
> 1.7, the XRD data suggest the presence of a @izl phase and @2; as a secondary
phase (see Fig. SI-1).

In the following, we only investigate the singlegge GaVingxO4(1.2<x < 1.6) system. The
analysis of XRD patterns for 12x < 1.6 shows a solid solution domain, characterized b
single phase indexed in cubic spinel structurec#s be seen from Figure 1(a), all the phases
show the same peaks distribution. A shift of thad#y peak towards higher Bragg angles with
the increase of Ga content, which means that titecalh gets smaller, and the variation of the
peak intensities with increasing x(&)g as evident from Figure (SI-2), is a manifestatid

the substitution effect in the system.

The structural refinements were carried out by \Riet method using the FullProf program.
The cubic MgA}O, with Fd-3m space group was the starting structural model usexir
refinement®®. The oxygen ions are located in the 32e positioatetrahedral sites A are in 8a
positions, while the octahedral sites B are in16d positions. The refined parameters were
the lattice parameten), the oxygen atomic coordinatag,(the occupancy of the tetrahedral
and octahedral sites and the atomic displacemeaanysers of all atoms. The peak shapes
were described using a pseudo-Voigt function. Titet $tep of refinement was to determine
the correct cell parameters using a cubic cell. gkarctural refinement, several models were
tested. The quality of the refinements was judgaset on the reliability factors gRRwp,
Reragy Re-factor, and CHj.

The GaMn304 (1.2 < x < 1.6) system consists of two different types ofnaothat are
distributed over the tetrahedral (A) and the oatiahle(B) sites. The atomic scattering factors
of Ga and Mn for X-rays are shown in Figure (SI-Bhe significant difference in atomic
scattering is favorable for the precise determamabtf the atomic occupancies. The four test
models for the GaMn; O, composition, taken as an example, are the followaigModel
with (Gagh[GayMn1gg04, a2 Model with (MgsGays)a[Gap.7/Mn13s04, a3 Model with
(Mn)a[Gay 2Mng g]s04 and a4 Model with (MyisGay 2)a[GaMn]zO,4. The results of Rietveld
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refinements of the four models are shown in figi8k4) with their corresponding reliability
factors. The results show that a3 and a4 modeles tfie best reliability factors with,R
10.7% and 10.2% for models a3 and a4, respectividig. a3 model is a normal spinel
(Mn)a[Gay 2Mng g]sO4. Based on this model, the Mn and Ga located atotitehedral site
have an oxidation state of +3 while the Mn locaaédhe tetrahedral site has a +2 oxidation
state. The cation distribution for a3 model is ttgimen by (Mrf)a[Ga®" 1 Mn**)ggO0u.
Model a4 is an inverse spinel with low inversiomawaeter; 0.2 G& occupies the tetrahedral
site and an equivalent amount of Mccupies the octahedral site. The cation disidbuor
the a4 model is in agreement with that obtainedrég by Venediktovat al*".

The a3 and a4 models have similar reliability fextdn order to confirm the a4 model, we
calculated the cation distribution in A and B sitexording to the O'Neill and Navrotsky's
modef* 2> It is known that the cation distribution in spgimés explained by the cation site
preference. Based on literature datéhe Mr?* cations strongly prefer the octahedral sites,
whereas Mf" et G&" are randomly distributed over both tetrahedral ectahedral sites. The
cation distribution in that case is given by MnGa®,)a[Mn**,Ga**«,Mn*>,,]s04, where
(x) is the mole number of Ga introduced into thetesn and (y) represents the inversion
parameter. The O'Neill-Navrotsky model consists nimnimizing the free energy. The
disordering enthalpy has a quadratic form with itheersion parameter and the disordering
entropy is related to the configurational entfdgy The configuration entropSc of the
system is given by:

‘—
AS, = —R [(1 —y)In(1 - y) +ylny+yln%+ (2’“_3’)1“( 2 y)

+@2-xhn(1 —%)] )

A change in the cation distribution is accomparbgd change in the free energy of disorder
AGcqwhich is given by:

AGea(Y) = Yyt _gaa+ + BY? = YTOpn2+_gar+ —TAS;  (2)
a andp are the interchange enthalpy parameters. It wasdfdhat for 2—3 spinel$, takes
values between -15 and -25 kJ thaind an average value pf= -20 kJ mof* can be uséd
The parameter@unz+-caz+andomnz+-cas+are calculated from the values given in refere@& [
for Mn** and G&" cations; the values used in the calculationogfg+.cas+= 49kJ mof and

omn2+-caz+= 0 kImol'. At the equilibrium of the cation arrangement, ffee energy will be

minimum with respect to any change in the inversgamameter vy, that iasmgi,ﬂ= 0,

hence:
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Yy
—RTlTl((l _ y)(x — y)) == aMn2+_Ga3+ + Zﬁy —_ TO-Mn2+_Ga3+ (3)

Solving equation (3) allows us to calculate theension parameter y for each value of x at T
= 1350 ° C (the synthesis temperature). Resultsshoavn in Table 1. We find that the
inversion parameter y increases slightly as a fanaf x (G&"), varying between 0.16 and
0.20 for x = 1.2-1.6.

This result shows that our solid solution is anerrse spinel with a low inversion parameter,
in agreement with the a4 model. Recent resultshensame system showed an inversion
parameter of approximately 020

Once the a4 model was confirmed, a Rietveld refemmvas performed on the (Bén;.O4
system with x = 1.2-1.6. Figure 1 (b) shows, azgample, the refined pattern for x = 1.2
with good agreement between the observed and atdcuprofiles. Table 1 displays details of
the crystal structures, cell parameters, oxygemitacoordinates, cation distribution and
reliability factors for all compounds.

The obtained cell parameters are plotted versusdagent in Figure 1 (c). These results fit
perfectly well with the observed peak shift (Fig:2% and confirm that the lattice parameger
decreases linearly with increasing®Geontent. Figure 1 (d) shows the occupancy variaio
the different cations located at the tetrahedral actahedral sites. The occupation of in
decreases with the increase of x{Gin the octahedral site due to its progressivesstuttion

by Ga&*which increases in the same site. The octahedmlisialso occupied by a small
amount (y) of MA*, while the tetrahedral site remains occupied byaation (1-y) of MA*
and (y) of G&" cations. The inversion parameter (y) shows a swaaiation depending on the
substitution, it increases from y = 0.20 to y =4f@r the compounds x = 1.2-1.4, and then it
decreases to reach y = 0.16 for the compound % .=Ak. said above, the cationic distribution
in the octahedral and tetrahedral sites is given(Mp**1.)Ga’*y)aA[Mn*,Ga " xyMn* .
»]8Oa. This result is consistent with that calculatethgsO'Neill’'s model which shows an
inversion parameter y = 0.16-0.20.

Therefore, the decrease of lattice parameter caattibuted to the slightly smaller &a
radius at the octahedral site compared to*Mm addition, in cubic spinel structures, the

relationship between the lattice parameter anddibances go and @.o is given by the

following equatiof*: a = 2.09 +,/5.81d% — 1.41d2  (4).



The theoretical tetrahedral and octahedral catrooredistances 4 and @&.owere calculated
using Shannon ionic radfi da(Ga*"-0) = 1.85A, @(Ga™* -0) =2.00 A ; d(Mn?*-0)=2.04 A,
ds(Mn?*-0)=2.22 A, ¢(Mn**-0O) = 2.045A. Since more than one type atom oceuipie same
site, the mean distances for each site were cadzyjlan one hand, using Shannon ionic radii
and the chemical occupancy determined from thevBlgtrefinements, and on the other hand
the cation distribution obtained from O’Neill’'s m&ld The calculated lattice parameters are
compared in Table 1 with those obtained from thgeexental data refinements. The good
agreement between the lattice parameters obtairpdrimentally and those calculated,
confirms that the substitution proceeds in the luadaal sites according to the formula
(Mn** (1.,)Ga*))aA[MN*,Ga*x yMN** 2] 80a.

3.2.Magnetic Properties

3.2.1. Paramagnetic regime
Figure 2(a) displays the change of the inverse miagrsusceptibility as a function of
temperature recorded under a magnetic field of @f1GgMn.,)Os powders (1.X x < 1.6).
Above the magnetic ordering temperatugg the shape of curves is not linear, but follows a
hyperbolic form typical of a ferrimagnetic systenthwtwo sublattices in antiferromagnetic

interaction. These curves can be analyzed usinfptlesving equatior®:

1_1+T o
)(_)(O Cc T-6

)

If T >>0, the third term becomes negligible and the hypertform reduces to a linear form

at high temperature; therefore the Curie-Weissalinaw can be applied [Fig.2 (b)]. Table 2
lists the fitting parameters obtained using Curiei8¥ linear equation in the temperature
range from 150 to 300K. The theoretical magneticmaots were calculated using the

following formula:

Heheo = Y H(MN?*)2 + (2 — x)u(Mn3+)2  (6)

Herex is the G&'content with values given by the XRD refinemente Theoretical moments

of Mn**and Mri*can be expressed as= g,/S(S + 1), where g is the Landé factor (g = 2),
and S(MAY) = 5/2 and S(MH) = 2. In the case of x = 1.2, 1.5 and 1.6, theuded
theoretical moments 4, are in good agreement with the experimental effeamnagnetic
moments gy, With a differenceAp = Jues - pneo | < 1.7% (See Table 2). For the compound

with x = 1.3, a small differencapn = 3% was observed. The compound x = 1.4 has a



difference ofApn = 4.8%. In general, the effective moments shovica agreement with the
theoretical moments with a differena@ <5 %. This small difference could be attributed to
the presence of impurities non-detectable by XRéhsas MRO..
By increasing x(G¥), the effective magnetic moment decreases dudeostibstitution of
Mn** by non-magnetic Gaions. The large and negative Curie-Weiss tempezatindicates
the existence of strong antiferromagnetic couploejween two sublattices. The absolute
value of decreases with increasing ¥aontent, highlighting that the insertion of non-
magnetic ions into the B sites reduces the intemastbetween A and B networks. The
magnetic ordering temperature Was determined from the minimum of the magnetirati
derivative as a function of temperature, as it Wi discussed later;cTshows a gradual
decrease with increasing x. For x = 1.2 and 18 ntlagnetic frustration parameter 64 ¢ is
less than 10, indicating that the magnetic ordebdth compounds is a long-range ofder
With further increasing x (G3), the f parameter increases, suggesting the agpeamnf a
short-range order due to disorder of magnetic attgons introduced by the non-magnetic
Ga* ions.

3.2.2. Ordered regime
To have further information on the magnetic intéoas in the ferrimagnetic state, we have
performed ZFC/FC measurements at 5mT and hystelesps M(H) at 2K, for the five
compositions. Figure 3 (a) displays the ZFC/FC esref GaMns O, (1.2< x < 1.6). We
note the existence of irreversibilityidy at the approach of the maximum value of ZFC
magnetization. Below ife,, the ZFC magnetization decreases rapidly, a behaypical of
antiferromagnetic interactions. For x = 1.2-1.3¢ tAFC magnetization becomes negative
below a certain compensation temperature, confgnihre existence of antiferromagnetic
interactions between two sublattices. This behahias already been observed in similar
compounds based on Ni, Co and Mn, and shows a Igfel@magnetic behavior at low
temperaturé > *° The FC curves superpose the ZFC curves in thperature range from
300 K to Tiev. Below Tirey, the FC magnetization increases to reach a maxifllawed by
a saturation at lower temperatures. This behagionére pronounced for compositions x =
1.2, 1.3 and 1.4. This is characteristic of a Retfgrrimagnetic structut&éThe shape of the
FC magnetization curve can be explained by a catigpetetween the sk, Js and Jg
interactions. For x = 1.5 and 1.6, the shape ofmatagation curves ZFC/FC indicates the
existence of magnetic frustration in agreement \hin frustration parameter (see Table 2).

The transition temperature-@iecreases with magnetic dilution [Inset, Fig. 3, (aghlighting



an evolution towards a complex magnetic structwe tb a magnetic frustration which
becomes more important with dilution.

Figure 3 (b) displays the hysteresis loops as atiom of the applied magnetic field at 2K for
GaMn304 (1.2< x < 1.6) compounds. The change of the coercive fiedcagla function of
x(Ga") is displayed in the inset Fig. 3(b). The magraion curves show a hysteresis typical
of a ferrimagnetic system with an unsaturated ataraup to 5T, for all compounds. With
increasing GH content, the hysteresis cycles become increasitigser, the coercive field
(Hc) and the magnetization decrease with increasiBgt™), indicating an evolution towards
a complex magnetic structure.

To see the possibility of reaching saturation uralenagnetic field, we have performed first
magnetization curve measurements as a function agnetic field up to 9T at different
temperatures (Fig.4). For T <,Tthe magnetization rapidly increases for low magrfeelds,
followed by a linear increase as a function of dpplied magnetic field without saturation,
which indicates that the magnetic structure is@@&nthe spontaneous magnetizations Ms (T)
were deduced by extrapolating to H = OT the lingart of the magnetization curves. The
values of the spontaneous magnetization Ms (2Kgrdehed at 2 K are listed in Table 3. The
results show that Ms(2K) decreases with increag{@g’"). Quantitative information on the
cation distribution in GdMn.,O4, obtained by refinement of the XRD data using VRiket
methods, is very helpful in the interpretation lbé tobserved magnetization degradation. In
the system G#Mn«Oas, the Mrf’(S = 5/2) cations occupy both sites A and B, arel th
Mn**(S = 2) cations occupy only the B sites. Under #ssumption of collinear spin
arrangement, the values of the spontaneous magtietizVis can be calculated by the Néel
model, expressed by Ms = AMn*?) + Mg(Mn*?)-Mg(Mn*3), where M\ and M are the
effective magnetic moments of A and B sublatticespectively. The values of Ms obtained
using the collinear model are presented in Tabl€éh& Ms values were found to be larger
than the experimental values. This indicates th&t tompounds have a non-collinear
ferrimagnetic structure, with the Mand Mrf‘magnetic moments in B sites being linear and
antiferromagnetic, and those of frin A sites making an angle with the direction of the
total magnetization. The angle of each composition (Table 3) was calculated function
of magnetic field from the first magnetization cesvM(H) measured at 2K, using the
following formula: Ms(H) = M\(Mn*%)cos((H)) + Mg(Mn*?) - Mg(Mn*3).



Figure 5(a) displays, the correspondip(@d) curve. It is found that the angi€H) decreases

with increasing magnetic field according to an engadial function for all compounds:

H

@(H) = @ + pseFo (7)

The fitting by this equation allows to determine ttanting angleo at strong magnetic field
(H tends to infinity), and also determines the € ¢1) canting angle at zero magnetic field (H
= 0T). The term klis a mean field that represents the magneticantems; it includes the
exchange interaction between the magnetic momeultshe magnetic anisotropy. The results
of the fit are shown in Figure 5(a), and in Table/& present the obtained fit parametess
¢1 and H.
The (@o+p1) values which represent the canting angle at zergnete fieldwere found to
increase with increasing(Ga®") (Figure 5 (b)) showing an evolution towards an
antiferromagnetic structure in the A sites with ubstitution of MA" ions by non-magnetic
Ga*ions in B sites. At zero magnetic field and at Pk, the compounds stabilize in a non-
collinear ferrimagnetic structure, in which the matic moments of Mfi and Mrf* ions are
collinear in the B sites and those of Mrons in A sites form an angled:p1)with the
direction of total magnetization.
Under a strong magnetic field, the magnetic stmectemains non-collinear with an angle of
¢@o Smaller than that observed at zero magnetic {iigl5 (b)).
The H parameter, which represents the effects of magmeteractions, shows a decrease
between the compounds x = 1.2-1.4, due to thedottion of non-magnetic ions into the
system. For compounds x = 1.5-1.6, the observectase may be related to the effects of
magnetic frustration (See Table 3).
In summary, the shape of the inverse magnetic ptibdéy, the shape of the ZFC/FC
magnetization curves at low temperatures, the @xt&t of hysteresis in all compounds, the
frustration parameter and the spontaneous magtetizanalyses show that the compounds
present a non-collinear ferrimagnetic order, andhwiurther increasing x(G3, the
frustration parameter f increases, suggesting pgpeaance of a short-range order, which
coexists with a non-collinear ferrimagnetic state.

3.2.3. Determination of spin wave stiffness parameters
Using spin waves theof§, we determine the spin wave stiffness parametdrob the
temperature dependence of magnetization. For sgsteithh two magnetic sublattices, A
(tetrahedral sites) and B (octahedral sites), tispetision relation for acoustic magnons to

order K can be expressed*a&*: hw = Dk?,
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o is the frequency, k is the spin wave momentum. Témperature dependence of
magnetization M(T) follows Bloch's law {f) which is associated to the thermal excitation of

spin waves. The M (T) curves can be expresséd &s

My(T) 0.0568  aZkjg

_—  =1- 3/2T3/2 =1- BT3/2 8
M;(0K) 26, —25)C D ) ®

Spin-wave stiffness parameter with the notatiors Qiven by the following formula:

0.0568 z2a%kg
3
8(M/up) Bé

D= 9
Here a is the unit cell parameter, M is the spontaneoagmatization, kis the Boltzman

constant and B is the Bloch constant.

In order to determine the spin wave stiffness patams D from the temperature dependence
of magnetization below Jusing the results of spin wave theory, we havdtgdoin Fig. 6,
the change of Ms (T) as a function of temperatordhe different samples. We note that Ms

(T) decreases with increasing temperature duegtgpin-wave excitations.

The Ms(T) curves were fitted using equation (8)o(I's law). The results of fits are
presented in Fig.7.
We find that for samples with x = 1.2 and 1.4, ¢hange of the spontaneous magnetization
with temperature is in line with Bloch’s law. Howezy for the samples x = 1.5 and 1.6, the
experimental Ms(T) deviates fron™% law. The Ms(T) change can then be modeled using
Dyson approximatioH:
M,(T)
M (0K)

Bloch’s constants B and D parameters calculatedgusguation (9) are listed in Table 3.

=1-BT3?2 - CT5? (10)

These results indicate that we have two sets ofpooimds with two different magnetic

behaviors, the samples x = 1.2-1.4 and the commourd1.5-1.6. These observations are in
line with the results reported by Efimova and Ktifta on the magnetic properties of dilute
frustrated ferromagnetic spinelskFez 5GaOa *8 They have shown that the Ms(T) curves
for the frustrated ferrimagnets do not obey Blodfilaw, which is satisfied in the absence of
frustrations. If the collinear ferrimagnetic ordegiis restored by applying an external
magnetic field, the Ms(T) curves could be describsthg Dyson approximation (Eqg. 10).

Thus, we conclude that our samples x = 1.2-1.4eptes non frustrated ferrimagnetic order,
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and that samples x = 1.5-1.6 present a frustratednfagnetic order. This frustration is
attributed to chemical disorder caused by the duction of non-magnetic ions into the
octahedral sites. In these compounds, frustratwnatso be caused by a competition between
the interactions of the first, second and thirdyhbbrs as in spin glasses.

Spin wave stiffness parameters D are shown in T&bker four compounds. For non-
frustrated compounds x = 1.2-1.4, D decreases théhntroduction of a non-magnetic cation
into B sites, D = 53 - 40meV?AD calculated from Bloch equation (8). These Dueal are
five times smaller than those obtained in the feagnetic MgFe; 4O, compounds (296 - 202
meV A%)* due to the strongegglinteractions in the ferrites.

For the frustrated compounds (x = 1.5-1.6), we tio& D increases as a function of x (D =
82 -135meV A), D calculated using Dyson equation (10). The eatd D values are close to
those for ferromagnetic glassesd00 meV&)*. In perspective, an accurate determination of
the spin wave stiffness parameters D requires meamnts of the magnon-dispersion

relations performed by magnetic elastic neutroastedng or Brillouin light scattering.

4. Conclusions
By analyzing the XRD data refined using Rietveldtmoes, we have shown that the system
GaMnix04(1.2< x < 1.6) is an inverse spinel with low inversion paeden, in which GH
ions replace the M cations located in B-sites, in agreement with tHiedl-Navrotsky
model. The cation distribution is given by (Mn,Ga™",)a[Mn*,G& " ,Mn*%,,]50s.
Magnetic information was extracted from the cureéghe inverse magnetic susceptibility,
the ZFC/FC magnetization, the first magnetizatind hysteresis curves. The shape of inverse
magnetic susceptibility is a hyperbolic form typio&a ferrimagnetic system. The calculated
moments pheo are in agreement with the experimental effectivsgnetic moments 44, and
confirm the cation distribution. For x = 1.2 an@,1the magnetic frustration parameter f =
0/Tc is less than 10, indicating that the magnetic oideboth compounds is a long-range
order. With further increasing x(&3, the f parameter increases, suggesting the ampeaof
a short-range order. The shape of the ZFC/FC maagtien curves at low temperatures, the
existence of hysteresis in all compounds, and goataneous magnetization analyses show
that the compounds x = 1.2-1.4 have a non-collifeaimagnetic order and the compounds X
= 1.5-1.6 have a frustrated non-collinear ferringgnorder. It has been established that for
compounds with x = 1.2 and 1.4 with a non-frusttafierrimagnetic order, the temperature
dependence of the spontaneous magnetization Mb@l)scto Bloch's law with exponent’T

For x = 1.5 and 1.6, compounds with frustratedirfgagnetic order, a deviation from Bloch's

12



law was seen, the Ms(T) curves being describedyuBiyson approximation (exponent¥?T
and 15’2). Spin wave stiffness parameters were determioeddch composition from the fits
of Ms(T) using Bloch’s law. This study will be venyseful to understand the magnetic

properties of GaMnz.xOs compounds.
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Samples

Parameters
1.2 1.3 1.4 15 1.6
a(A) 8.4868(3) 8.4818(2) 8.4775(2) 8.4729(2) 8.48Y5
0(32e):u 0.2625(2) 0.2629(2) 0.2634(2) 0.2636(2) 0.2638(2)
Cation (’\/||’12+0.80(6f36(3 "0.206)A (Mn2+0,79(1)<33% "0212)A (Mn2+0,76(1ﬁ£ "0.242)A (M”2+0.77(2f3£ "0.232)A (’\/||’12+0.84(2f36(3 "0.16@)A

distribution  [Mn?*o206Mn**0 a06Ga& e
Rietveld

[Mn 2+0,21(1)M n3+0.70(1)Gaq’ +1,09(1] B

[Mn 2+0,24(1)M n3+0.60(1)Gaq’ +1,16(1] B

[Mn 2+0.23(2Mn3+0,50(2f3£ +1.27(2} B

[Mn 2+o.16(2M|’13+0,40(2f36t3 +1.44(2} B

Rp(%) 10.2 8.8 8.6 9.5 9.1
Rup (%) 15.8 13.9 135 16.8 14.0
Rexp (%) 14.7 13.6 133 16.2 13.7
Reragd %0) 4.4 35 3.4 5.3 4.7
Re (%) 3.9 3.0 31 36 37
XZ 1.10 1.03 1.02 1.08 1.05
Cation
distribution (Mn?06G8"0.19a (M 6G&"0.17a (Mn*6G&"0.19)a (Mn?06:Ga"0.19a (Mn?0 6¢Ga"0.20a
O'Neill [MN?01gMn*"0sGa" 1045 [Mn?:Mn¥ 2118 [MN?1gMn¥"o 6dGa"1 208 [MN01gMn*" 056G 1 31s [MNZ020Mn*"0 4G 1 4ds
Model
aA)
Shannon 8.488 8.482 8.477 8.470 8.462
and
Rietveld
a(A)
Shannon 8.487 8.481 8.475 8.469 8.463
and
O'Neill

Table 1. Crystal structuresHd-3n), cell parameters (a), oxygen atomic coordinates (

cation distribution and reliability factors for @&nz,O0s (X=1.2-1.6) determined from

Rietveld refinements using the a4 model. The calistribution was calculated using O’Neill

and Navrotsky's model. Bottom: Theoretical cellgraeters calculated using Shannon ionic

radii, chemical occupation (determined from Riedvedfinements) and cation distribution

(O’'Neill Model).
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X C Meff Htheo | Heff - cheol Tc C] f=e/Tc

(emu.K/mol)  (ug) (M) % (K) (K)
1.2 6.51(2) 7.22(1) 735 1.7% 28(1) -244 8.7
1.3 6.85(2) 7.40(1) 7.18 3% 24(1) -238 9.9
1.4 6.77(6) 7.36(3) 7.02 4.8% 19(1) -212 111
1.5 5.94(2) 6.90(1) 6.84 0.8% 16(1) -197 123
1.6 5.47(2) 6.62(1) 6.64 0.3% 14(1) -189 13.5

Table 2: Results of fits: C Curie-Weiss constanti experimental magnetic momentydd
theoretical magnetic moment, Tc transition tempeegt6 Curie-Weiss temperature; f

frustration parameter.

x(Ga™)  My(pe/fu)  Mps/fu) @ Qo+t @; Ho(T) B(x10°K*) D (mev.A?)

Exp Theo (Néel) (deg) (deg)
1.2 0.61(3) 1.8 19 47 17.6 1.9(1) 53
1.4 0.45(2) 2.6 47 64 10.3 3.5(4) 40
1.5 0.43(2) 3.0 50 71 12.6 1.3(3) 82
1.6 0.32(1) 3.4 53 79 17.7 0.9(1) 135

Table 3: Ms(pg/f. U.)exp experimental values of the spontaneous magnetizatetermined at
2 K, Ms(pe/f. u.meo theoretical values of the spontaneous magnetizatadculated using
collinear Néel modelpy canting angles at H =, ¢ot ¢; canting angles at H = OT, oH
magnetic interaction parameter, B Bloch’'s constddt,Spin wave stiffness parameter
determined from results of Ms (T) using Bloch’s &wykon equations.
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Figure 1: (a) X-ray diffraction patterns for @&n.,O4(x=1.2-1.6) at room temperature, (b)
refined diagram by the Rietveld method using a4 ehdd) evolution of the lattice parameter
(a) as function of composition x(&% (d) occupancy of different cations as a function of
x(Ga") in tetrahedral and octahedral sites.
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Figure 2: (a) Inverse magnetic susceptibilityyHs a function of temperature recorded under
a magnetic field of 0.1T for all samples of thek8a3.,04 system (1.X x < 1.6). (b) 1y fit
using Curie-Weiss equation in the temperature rémge 150 to 300K.
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Figure 3: (a) Magnetization as a function of temperaturehvidFC/FC modes for different
compositions GMnsx04 (1.2< x < 1.6). Inset (a) The transition temperatugevs x(Ga").
(b) Hysteresis loops at 2K. Inset (b) Evolutiontbé coercive field Hc as a function of

x(Ga™).
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Figure 4: First magnetization curves as a function of mégrieeld up to 9T at different

temperatures.
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Figure 5: (a) Evolution of the angle(H) as a function of the magnetic field, togethéhvthe

H

fit of @(H) curves obtained using the equatigifH) = ¢, + @ e*o. (b) anglegy of the
magnetic structure at strong magnetic field-G64d), and thepot @5 angle of the magnetic

structure at H=0T of each compound.
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Figure 6. Temperature dependence of spontaneous magnetizkts (T) determined by
extrapolation of the linear part of M(H) (fig. 4 H = OT.
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Figure 7: Fitting results of Ms(T) curves using equatio8sdnd (10).
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Highlights
GaMni—04(1.2< x < 1.6) compounds prepared by solid-state reaction.

Cation distribution and crystallographic parameterge been determined using

Rietveld method and O’Neill and Navrotsky model.
Spin wave stiffness parameters were determineddoin composition
Compounds x = 1.2-1.4 present a non-collinearrfexgnetic order.

Compounds x = 1.5-1.6 present a frustrated nonrealt ferrimagnetic order.



