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Magnetic interactions in the ludwigite Ni,FeO,BO4
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We present an investigation of the magnetic properties of the ludwigiieelBO;. This material is an
oxyborate that presents in its crystalline structure subunits in the form of walls where the transition metal ions
are located. Our Mgsbauer, ac susceptibility, and magnetization measurements show that Fe and Ni ions form
two independent subsystems in this material dowrT {e=15 K. We explain this behavior in terms of a
hierarchy of interactiond.50163-182@08)01325-3

[. INTRODUCTION in Fig. 1. Lattice parameters for some ludwigites are shown
in Table I. The main chemical bonds between walls are due
The oxyborates form a family of compounds having sev-to the boron ions: the trigonal borate group $Ois the
eral chemical compositions armirca ten known different  strongest bonded group of ions in the oxybordtem the
crystalline structure:® Those having general chemical for- ludwigite Mg; ¢Mn; oO,BO5 the metal positions 1, 2, 3, and
mula M**"M3*OBO; crystallize aswarwickites while the 4 (see Fig. 1 have a trivalent ion MA" content of 14%,
ludwigites have a general formula §7IM3*02803. The 34.6%, 72.6%, and 9.8%, respectivélapproximately the
other structures, more complex, require chemical formulasame occupancies are expected for the trivalent ioh fie
that deviate moderately from that of the ludwigites in orderthe NLFeO,BO; ludwigite as is the case of warwickites that
to be stabilized. All the crystalline structures of the oxybo-
rates are quite similar: the divalent and trivalent metal$ M
and M**, which may be either the same or different metal
ions, are found at the centers of edge-sharing oxygen coor-
dination octahedra. The boron ions remain at the centers of
oxygen coordination triangles, each corner of which is a cor-
ner of a different octahedra. The chemical composition of
such materials, their synthesis and crystallographic param-
eters have been extensively studied. Recently it has been I
shown that the warwickites behave from the magretft
and electronit'™*® point of view as essentially one-
dimensional(1D) materials. This is due to the hierarchy of i u >
the interactions in their structures that consist of subunits in <<ﬂ~ ‘gr““
the form of ribbons. 4
These results led us to extend our investigation of the _
physical properties of the oxyborates and to study the mag-
netic properties of the ludwigite breO,BO5. This material
can also present low-dimensional magnetism due to its struc-
tural similarity with the War_W'Ck'teS' In the prese_nt Cas€ G, 1. Schematic polyhedral drawing of the ludwigite structure
however the relevant subunits amalls rather than ribbons  ie\ved along the axis. Thea axis is horizontal and thb axis is
(see Fig. 1 The crystalline structure of ludwigites is ortho- yertical. The unit cell and the atom numbering used for the metal
rhombic. Its space group iVﬁ-Pbam Columns of edge- positions are indicated. The black circles represent the boron ions.
sharing octahedra form zigzag walls parallel to thaxis as  One of the subunits, we calialls in the text, is bordered by bold
shown by the polyhedral drawing of the ludwigite structurelines. See Ref. 2.
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TABLE I. Cell unit parameters of some ludwigite®; - natural — r r 1 &5 r r T - T T 1
material;(**) - present work. [

a(h) b(A) c(A) Ref. B -
NioFeQ,BO; 9.209(4) 12.232(5)  3.002(1) (**) [ ]
NioFeQBO;(*) 9.213(4) 12.229(5)  3.001(1) 15 .
Mg,MnO,BO; 9.202(2) 12.532(2)  2.993(1) 2 B 1
Ni,CrO,BO; 9.209(1) 12.121(1)  2.9877(3) 5 g J
Ni;VO,BO; 9.199(2) 12.211(2)  2.988(1) 5 =

keep the same relative occupancies from one chemical for-
mula to another. In fact, we will confirm this further on in

this paper. It is clear then that the oxyborates are naturally N S S S S
disordered materials and this is an essential ingredient to 10 20 30 40 50 60 70 80
understand their physical properties. A detailed description
of the ludwigite structure may be found in Ref. 2.

Note that inside each wall the distances between the mag- FIG. 2. Room-temperature x-ray powder-diffraction pattern for
netic ions are such that direct exchange between the 3D eleti#,FeOBO;. The open circles represent the observed data. The solid line
trons is the dominant on@able 1l). The interaction between represents the calculated pattern obtained from ‘the Rietvgld refinement. The
two neighboring ions in adjacent walls is mainly due to Su_lower_trace is a plot of the r¢5|dua_|_spectrum, i.e., the difference between

. experimental and calculated intensities.
perexchange through the oxygen ion at the only common
corner of the respective coordination octahedra. For this rea-
son it should be expected that the ludwigites behave as a 2beated at 1050°C in pure oxygen atmosphere during two
magnetic system. The 1D magnetism arises in the warwickdays and, then, slowly cooled. A black powder was obtained
ites since the walls in these systems are reduced to ribbonghose grains were about 1Q6n long.
four columns wide. Its x-ray-powder diffractiofXRPD) pattern was recorded

This paper reports susceptibility, magnetization androm a Siemens D 5000 diffractometer using a curved graph-
Mossbauer spectroscopgylS) measurements in a powdered jte monochromated GUa radiation. A scan step of 0.02° in
sample of NjFeOQ,BO;. Also, the x-ray identification of the the 2¢ range from 10° to 100° was carried out under a fixed
CI’yStalline structure of the Sample is presented. The results Qfounting time of 4 s. Structural refinement’ to be reported
our magnetic measurements indicate that the Fe ar8LIbli  g|sewhere, was done using the program.LPROF. * The
lattices behave as two decoupled subsystems of spins dOWRRpD pattern, shown in Fig. 2, was indexed to the space
to 15 K. Within each subsystem the coupling is essentiallyy s phamwith unit-cell parameters similar to those previ-
antiferromagnetic since there is no macroscopic magnetizgy g\ renorted. Table | shows the cell parameters obtained

tion. The 3D ordering of the iron and nickel subsystems 0C3, ; ; ;
) o om this and from other experiments. The good quality of
cur at 106 and 46 K, respectively. We have verified that th he sample, without signs of spurious phases, is verified by

nickel subsystem in this compound presents a behavior chay: . o . X
acteristic of random exchange Heisenberg antiferromagnetié‘ig szmall intensities of the residual spectrum also shown in

chains (REHAC) above its 3D ordering temperatur@ﬁ'
~46 K, as is also observed in the warwickit@dzor the Fe
subsystem the 3D ordering &ff=106 K is probably of the
spin-glass type as in most dilute random magnetic systems
with antiferromagnetic couplings. This is indeed the case for A. Magnetic susceptibility
the ludwigite MgFeO,BO,. 1

26 (degrees)

IIl. MEASUREMENTS

The real part of the ac susceptibility of JFEO,BO3, xac:
l. SAMPLE PREPARATION AND CHARACTERIZATION measured at 125 Hz in a Lake-Shore apparatus, is shown in

The sample was synthesized from a stoichiometric mixJFi9- 3. It may be remarked that, besides the intense peak
ture of the oxides NiO and KF@; in borax. The mixture was located at 46 K, there is a weak one at 106 K. Also, an abrupt
change of the derivative may be observed at 15 K. At this

same temperature a peak is observed in the M/H vs T and M
vs T curves, as will be shown below. The intense peak po-
sition at 46 K does not change with measuring frequency in

TABLE |II. Distances between metallic neighbors sites in
Ni,FeOQ,BO;.

Metal sites Distance A Relative situation : |

the range 20—1000 Hz. This result rules out a spin-glass
1-3 3.088 intrawall nature for such a transition that can be identified, as we argue
1-4 3.363 interwall further on, with the 3D antiferromagnetic ordering of the Ni
2-3 2.691 intrawall subsystem. The inset in Fig. 3 shows the logarithmic plot of
2-4 3.136 intrawall a segment of the,o(T) curve. It is clear that, for 50 K
3-4 3.066 intrawall T<75 K, xac «T* wherea= —0.73. This behavior is char-
3-4 3.381 interwall acteristic of REHAC,31°which in the present case are Ni

chains.
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FIG. 5. Magnetization vs temperature curve, under an applied field of
5 T, for Ni,FeOQ,BO,. The splitting is due to FC and ZFC regimes. A small
peak near 15 K in the ZFC curve may be observed.

FIG. 3. ac magnetic susceptibility of MeOBO;, x,., measured at
125 Hz under an oscillating applied field of 10 Oe. Inset: Plot of Javs In
T for a segment of the total measured curve.

different histories, field cooledFC) and zero-field cooled
ZFC), are shown in Fig. 5 and present irreversibility or

Magnetic measurements were performed using a suPeiﬁstory-dependent effects starting abovd{=46 K. The

conducting quantum interference device magnetometer in the o . : -
temperature range from 4 to 60 K and in fields frat magnetization curve obtained &t=4 K is shown in Fig. 6.

—0T to H=7.5 T. We have measured the magnetizatibn It d_oes_ not s_how any significant hysteresis or remanent mag-
. ) i netization. Figure 7 shows the temperature of the peak in the
as a function of fieldH for fixed temperatures. From these

isotherms we have obtained curvigdH vs T for different curves ofM/H vs T as a function of the applied magnetic
. U field H.

applied magnetic fieldsl. Some of these curves are shown

in Fig. 4. They present two anomalies, which k=0 occur

at TN':46 K, the same temperature of the intense peak in

Xac, @ndTy=15 K where the derivative of.(T) changes MS measurements were performed between 4.2 K and

abruptly. The peak temperature identified By shifts to 300 K. The spectra were taken using a constant acceleration

lower temperatures as the applied magnetic field increasegjectromechanical drive system with a multichannel analyzer

while the low-temperature peak is field independent withinfor collecting and storing the data. The temperature stability

the precision of the measurements. CurveBofs T for two  \yas better than 0.1 K5’Co in rhodium was used at room

temperature as the source, with a nominal activity of 20 mCi.

B. Magnetization

C. M0Ossbauer spectroscopy

1.2 — T T T T . T The hyperfine parameters for the paramagnetic spectra were
—e—1T obtained by a least-squares procedure assuming Lorentzian
AN —s—4T line shapes constrained to equal halfwidths. Following the
11k / " —a—77 | | Window model'’ the spectra obtained in the magnetically
A \ '\
N 0.50 1 M(emu/g)
T 1.0F ¢ AN, -
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FIG. 4. Magnetic susceptibility M/H) vs temperature curves for
Ni,FeO,BO; obtained from the isothermal magnetization curves for three
values of the applied magnetic field. A small peak near 15 K may be ob- 8
served. The continuous lines are guides for the eyes. The dashed lines al -0.50

Lorentzian fits to each field value to determine the corresponding peak po-
sition, T,(H). These points are plotted in Fig. 7. The error in each experi-
mental point is less than 1/1000 of thil(H) value.

FIG. 6. Magnetization vs applied field curve for ,NeOBO; at 4 K
showing the very small hysteresis and magnetization of the system.
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T T T " T " T " TABLE IIl. Hyperfine parameters foNi,FeO,BO; measured at
300 and 115 KAEq(mm/s is the quadrupole splitting at the iron

8 - -
o sites; Segmm/9 is the isomer shift relative taa—Fe I' (mm/9 is
1 the linewidth at half heightA is the fraction of the total iron con-
6 ° | tent in the siteB is the probability that the site is occupied by an

iron ion (occupancy. Typical errors are- 3% on hyperfine param-
eters and=5% on site occupancies.

Applied Field (T)
s

Continuous Line: T (K) AEQ 5Fe r A (%) B (%) Site
H=A(T, -T)" |

» 300 1.08 029 0.26 10 13.3 1
i T 128 034 031 30 40 2
1.08 0.38 0.33 54 72 3

ol i 1.93 035 0.34 6 8 4
. . . . 110 1.10 0.44  0.26 8 10.7 1

10 20 30 40 50 1.31 0.47 0.28 30 40 2

1.09 050 0.38 55 73.3 3

Peak Temperature (K) 1.98 048 029 8 10.7 4

FIG. 7. Temperature of the intense peak in tt/H) curve vs applied

field for Ni,FeQ,BOs;. The points are taken from thd/H vs T curves(see .
Fig. 4). The continuous line represents the functiér: A(TN — T) /2 fitted As temperature decreases, the paramagnetic pattern re-

to the experimental points. mains invariable down to 107 K, when a noticeable broad-

_ ) ) _ ~ening of the peaks is clearly observed indicating relaxation
ordered regime were fitted to a hyperfine field distributioneffects. The spectrum taken at 110 K was fitted to four dou-
(HFD), p(Hw), by superposing subspectra with Lorentzianpets whose hyperfine parameters are displayed in Table IIl.
line shapes, constrained to equal quadrupole splitting, isomefhe quadrupole splittings measured at 300 K are clearly tem-
shift and halfwidths. Typical errors are 3% on hyperfine  perature independent down to 110 K while the isomer shifts
parameters and: 5% in site occupancies. show a small temperature dependence.

At room temperature, four symmetrical doublése Fig. The spectrum taken at 105 K shows clear evidence of
8), with hyperfine parameters displayed in Table Ill, repre-HFD. The evolution for further decreasing temperatures is
sent the paramagnetic regime. All the doublets could be fitcharacterized by an increase of the hyperfine magnet fields
ted to isomer shift values relative t@Fe smaller than 0.4 and a decrease of the distribution halfwidths centered at the
mm/s, characteristic of B&. However, all the fitted quadru- most probable hyperfine field. All the spectra taken below
pole splittings could be attributed to both?Feor high spin 105 K showp(H,,) curves comprising three distributions.
Fe’". We attributed the four doublets to high spin®Fe  As shown in Fig. 9, for 85 K and 4.2 K, these distributions
since the isomer shift is more sensitive to the oxidation statgre centered at 325 and 510 kOe. At 4.2 K tely,), with
than the quadrupole splitting. Such a behavior has been olyypical Fé*+ hyperfine fields in the range 400-510 kOe, is
served in RbFeFand KFeR.'® The site assignment dis- indicative that the system is very near the saturated state. At
played in Table Il was based on the structural refinement. |§uch temperatura” the iron ions are magnetica”y Coup|ed
may be remarked, from Table IIl, that the*feoccupancies The spectrum taken at 85 K represents an intermediate re-
found for each site in NFeQBO:; are very near those found g|me between the onset of the magnetic Order(ﬂl'g]oss
for the Mr** ion in the ludwigite Mg g3Vin; o70,BO. ~106 K) and the almost saturated state; the resulting
p(Hw), with three broad distributions, is consistent with
such an intermediate regime. See Table IV.

The experimental curve for the iron reduced hyperfine
field, Hy(T)/H\(4.2), as well as the theoretical reduced
magnetization curves for S 1 and S= 2, obtained from the
Brillouin theory, are shown in Fig. 10. For each temperature,
Hwm(T) is the most probable hyperfine field value. The sta-
- tistical counting errd® on the hyperfine field, for our mea-
surements, is less than 4 kOe, while the instrumental uncer-
tainties, as estimated from a sample standard devidtion,

7 less than 1 kOe. Therefore, the error bars in Fig. 10 are
smaller than the symbols. It is important to point out that, for
T=~46 K, the temperature of the intense peak in the magnetic
susceptibility, the curve for the iron reduced hyperfine field
D does not show any anomale may conclude then that the
-3 2 -1 0 1 2 3 iron subsystem is decoupled from the remaining Ni spins that
Velocity (mm/s) in turn order atT\ ~46 K. The 3D nature of the magnetic

. e L
FIG. 8. Room-temperature fdsbauer spectrum from MieOBO; ordering of the Fe SUbSyStem-ﬁfi =106 K is indicated by

(circles. The continuous curves represent the fitted spectra for each one ¢he reasonably good fit of the redl—fced hyperfine ﬁek_j VS re-
the four crystallographic metal sites. duced temperature by the mean-field Brillouin function for

1.00

0.98

Absorption (%)
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09ak tions, calculated from the Brillouin theory, f@=1 (dashed lingand S
:2 (continuous ling
0.98
Fe and Ni subsystems. In the Mossbauer experiments this
0.97 coupling shows up as an additional hyperfine contribution on
the Fe nucleous giving rise to the small discontinuity in
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FIG. 9. () Mossbauer spectra taken at different temperatures b'éff)‘w

from Ni,FeO,BO;. (b) Hyperfine field distributions for the spectra shown. IV. DISCUSSION

Our magnetic measurements in,ReO,BO; have shown
S=3 as shown in Fig. 10. As concerns the type of magnetiahree anomalies appearing at 15, 46, and 106 K, respectively.
ordering, it is most certainly a spin-glass rather than an anThe last one, which appears as a weak peak in the ac sus-
tiferromagnetic transitiori! This is suggested by the ran- ceptibility curve, is clearly associated with the ordering of
domness in the position of the Fe magnetic moments and thie iron subsystem, since this corresponds to the temperature
antiferromagnetic character of their interactions. Unfortu-at which the Zeeman splitting in the Mossbauer spectrum
nately, this transition is barely visible in the ac susceptibility disappears. The 3D character of this ordering may be in-
measurements since it is masked by the large susceptibilitierred from Fig. 10 where it is seen that the iron reduced
of the Ni ions. This makes it impossible to check, for ex- hyperfine field follows reasonably well the theoretical curve
ample, for its frequency dependence. On the other hand thef the reduced magnetization obtained from the Brillouin
observation of history effects in the magnetization curvegheory. On the other hand, the spin-glass nature of this tran-
below 106 K as shown in Fig. 5, reinforces this point of sition is suggested by the degree of dilution, the intrinsic
view. randomness and the antiferromagnetic type of magnetic cou-
Finally, notice the existence of a discontinuity in the plings of the Fe moment$. This is also consistent with the

Hm(T) curve atTy~15 K. This is the same temperature for observation of history effects in the magnetization curves
which anomalies in the susceptibility curves occur. At thishelow 106 K.
point it seems quite straightforward to associate these The strong anomaly at 46 K, present in tigg, vs T
anomalies at 15 K with the magnetic coupling between theurve, in the magnetizatioll vs T andM/H vs T curves is

identified as the ordering temperature of the nickel sub-

TABLE IV. Hyperfine parameters foKi,FeO,BO; measured at
low temperaturesAEg is the quadrupole splitting at the iron sites;
Sreis the isomer shift relative ta—Fe T is the linewidth at half
height for all the Lorentzian used in the fittingl;,ax is the most
probable hyperfine field.

system. The antiferromagnetic nature of this ordering is in-
ferred from the fact that this peak moves to lower tempera-
tures as the applied fielth increases and furthermore it
shows no frequency dependence in the range from 20 to
1000 Hz. The peak or ¢ temperature vs applied magnetic
field, at low fields, is well described by the standard mean-

110K 85K 42K field result for the shift of Nel temperature with applied
H,ax (kOe) 235 335 510 field 2%i.e., T,(H)=TN' —aH?, close toT\'=46 K as shown
AEq (mm/9 -0.05 -0.04 -0.04 in Fig. 7. Also, this agreement suggests the 3D nature of the
SFe (MM/s 0.49 0.48 0.50 antiferromagnetic transition since, if it occurred in lower di-
' (mm/3 0.34 0.38 0.37 mensions, fluctuations would certainly be important and the

mean-field result would not fit the experimental data.
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The Fe and Ni subsystems are completely decouplegic susceptibility foffN'<T<TXe. In this temperature range
down toTy=15 K. The main evidence for that comes from this quantity has a power-law behavigr, =T with a~
the iiron reduced hyperfine field vs temperature curve that o7 typical of one-dimensional antiferromagnetic disor-
does not show any anomaly at the nickel ordering temperagered Heisenberg chains as we have shown extensively in
ture. Within this frame we interpret the anomaly that appeargyr previous studies of the warwickités) As discussed in
at 15 K in all magnetic measurements as indicative of thenese references, this power-law behavior of the susceptibil-
coupling between both subsystems. The temperature of thigy with a~ —0.7, is associated with the magnetic response
anomaly does not depend markedly on the applied magnetigf isolated disordered chains. In the present case, this result
field. o _ is interpreted as the response of the Ni chains before they
The picture above is in agreement with Goodenougtboume together aﬂ—mi and the Ni subsystem, as a whole,
rules! for cation-cation magnetic interactions in an oxide. grders antiferromagnetically in 3D. The results obtained
Such rules predict a negligible value for the direct interaction,)5ve in fact allow us to understand why the walls are not
between Ni* and Fé™ if their coordination octahedra share relevant from the point of view of magnetic behavior. The
a face or an edge as is the case in the ludwigites. Consgaason s the negligible coupling between the Fe and Ni sub-
quently, the interaction between different neighboring magsysiems. Since there are sites along the walls with occupan-
netic ions inside the same wall is due to superexchange th@feg a5 high as, say 73% Fe, théises of Fe cut the inter-
in the ludwigites is weak since the corresponding anglegctions among the Ni chains along the walls. Consequently,

i2 2— i o
Ni®*-0%"-Fe’", is near 90°. , , . the magnetic crossover is from REHAC behavior directly to
Since both subsystems order, either antiferromagneticallyp antiferromagnetism.

or in a spin-glass arrangement, and as the intrasystem inter-
actions are stronger than the intersystems, the material, as a
whole, does not present a net magnetization if the applied
field goes to zero. We would like to thank the Brazilian agencies CAPES,

At the beginning of our investigation we expected to ob-CNPq, FAPERJ, and FINEP for partial financial support. We
serve two-dimensional magnetic behavior on the ludwigitealso thank Professor E. Anda and Professor Maria Matos for
This was borne out from the existence of walls in these sysuseful discussions. We thank C. S. Moura, for some prelimi-
tems, where the magnetic ions are located. However, thaary Mossbauer measurements artkEJ. Kinast for help on
only signature of low-dimensional effects we found is in thethe Rietveld refinements.
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