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Dimensional crossover in magnetic warwickites
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We present an investigation of the magnetic properties of a series of warwickites with different transition
metals. These materials are characterized by one-dimensional structuresribéitet where the transition
metals are randomly located. The present results allow for a systematic investigation of the hierarchy of
magnetic interactions in these systems. Whileitiiearibbon interactionsare mainly direcd-d interactions
between the transition-metal ions, ti@erribbon interaction is due to superexchange between metals in
different octahedra mediated by the oxygen in the common cdr860.63-1827)00625-3

[. INTRODUCTION from the low-energy magnetic excitations associated with the
random singlet phasef REHAC'’s could be directly ob-
The warwickites have been the subject of several investiserved. These excitations give rise to a characteristic tem-
gations in the last years® These systems are mixed boratesperature dependence of the specific h€gt<T*~* where
with general formulaM?"M3"OBO; which have linear « is the same exponent describing the divergence of the
structures in the form ofibbonsextending along the axis  low-temperature susceptibilitygo< T~ .1~
(see Fig. 1 The ribbons are formed by four columns of Later studies on another warwickite MgVOBQV>3"*,
edge-sharing oxygen octahedra in which centers are locatéifl® , S=1) revealed the eX|stence of a spin-glass transition
divalent and trivalent metallic ionsM?", M3*, respec- at apprOX|mateI)ﬂ'Sg—6 K.2 The behavior of the susceptibil-
tively). These ribbons act from the magnefticas well as ity for T>Tg is that expected for a spin-1 REHAC, i.e.,
electronic point of view!,® as independent entities and this is x> T~ “. The transition is interpreted as causeditwgrrib-
responsible for the low-dimensional properties of the war-bon interactions leading to three-dimensional spin-glass or-
wickites. Another feature of these structures is that the catiogering. These interribbon interactions are due to the super-
sites are randomly occupied by the divalent and trivalenexchange between cations inside oxygen octahedra sharing a
metalst In MgScOBGQ, the trivalent ions St preferentially ~ corner. A typical distance between cations in this case is
occupy (76%) the inner columns 1 and (Ref. 6) (see Fig. 3.36 A (see Fig. 1 and Table o that the metals in different
1). Consequently, besides its one-dimensional character, tHébons are too far apart for diredtd overlap to be signifi-
warwickites are naturally disordered systems and this shoul@ant. This is not the case howeveside the ribbons. Al-
be taken into account in understanding both their transpoithough the oxygens in the shared edge of the octahedra me-
and magnetic properties. Furthermore the warwickites can bdiate superexchange interactions between metals in the same
formed with most of the transition metalallowing for sys-  ribbon, the short cation-cation distancek € 2.9 A) makes
tematic investigations of their physical properties. the directd-d interaction the dominanntraribbon interac-
One-dimensional magnetic materials are as a rule idealttion (Fig. 2).
zations in nature. Eventually at sufficiently low temperatures In this paper we present results on the magnetic properties
weak interactions between the low-dimensional structuresf four warwickites namely, MgCrOB§) MgFeOBQ,
will set in producing a crossover to higher dimensions inScNiOBG;, and ScMnOBQ. In the first two Mg is divalent
general accompanied by the appearance of long-range magnd Cr and Fe are trivalents wif 3/2 andS=5/2, respec-
netic order. A previous study of the magnetic properties oftively. In the next two Sc is trivalent and consequently we
MgTiOBO; has shown that this warwickite represents ahave N?* with S=1 and Mrf* with S=5/2.
physical realization of theandom exchange Heisenberg an-
tiferromagnetic chaifREHAC), the Ti ions in the &* con-
figuration providing the spin§=1/21 This was further sup-
ported by specific-heat measurements which have shown that The samples were powdered prepared using the same pro-
down to the lowest temperature of the experimefits,0.2  cedure of our previous studies except for MgFeOBQ
K, this material behaves as a REHAC with no phasewhich was prepared using borax as flux. They were all char-
transition® In this case the contribution for the specific heatacterized by x-ray powder diffractiotXRPD) by using a

Il. EXPERIMENTAL RESULTS
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o FIG. 2. Longitudinal section of a ribbon containing the metal
sites. These sites form a triangular lattice where the cations are
T randomly located. There are three different distances between the

metals which are given in Table | for ScMnOBO
FIG. 1. A projection in theab plane of the structure of the
warwickites. Sections of the ribbons are shown by dashed lines. Thgreased there is a fluctuation regime startingT atbelow
metals which lie in the center of octahedra are represented by big/hich the susceptibilities are described by a power law
circles, the oxygens by smaller ones and the borons by trianglesxoc-r—a' characteristic of REHAC'$? The exponentsa
The maininterribbon coupling is due to superexchange coupling (a<1) are also given in Table Il as well & . Excluding

psgveen m(ejt.als(;nbcolﬁmns/ ek arr:d 1 and 2in differe?t o _the system MgTiOB@we always observe a spin-glass tran-
ribbons mediated by the oxygen in the common corner of theligiiny 5t sufficiently low temperatures. The glassy nature of
different octahedra. Full and empty symbols refer to differeakis

coordinates the transition al 4 is indicated by the frequency dependence
' of the cusp in the susceptibility. Table Il gives the transition
temperatured ¢, for a frequency ofv=125 Hz. Notice that
for MgCrOBO; and MgFeOBQ the susceptibility continues
to rise belowTgg.*

Mossbauer spectroscoffvlS) measurements were per-

Bragg-Brentano goniometer with monochromatedikGura-
diation (\ =1.5418 A. Measurements were performed with
a scan step of 0.05° in thevZange from 10 to 100°, with a
fixed counting time of 4 s. The prograruLLPROF (Ref. 8
was used for the structure refinement. All the XRPD patterns
were indexed to the space groBmam (62), with crystallo- [ ]
graphic parameters similar to those previously repofted, r ]

yielding the mean distances given in Table I. A typical result @ B 4
is displayed in Fig. 3, for the ScMnOBGample. The good ‘& | SCMnOBO3 1
S

quality of the sample, with no sign of spurious phases, is
suggested by the small intensities of the residual spectrum ©
also shown in Fig. 3.
The ac susceptibilities of these materials, measured in e | é
commercial apparatus, together with those previously = | .
studied? are shown in Fig. 4. These data are plotted as
1/y versusT. In every case we observe a Curie-Weiss law at
high temperaturesye1/(T— 6y), with a negative intercept
indicative of antiferromagnetic interactions. The values of

0y are shown in Table Il. As temperature is further de- PR O SO P EPE E—
10 20 30 40 50 60 70

20

FIG. 3. Room-temperature x-ray powder-diffraction pattern for
MnOBG,. The open circles represent the observed data. The
solid line represents the calculated pattern obtained with the

Rietveld refinement. The lower trace is a plot of the residual spec-
da &) d &) ds ) D1 &) D2 &) trum, observed minus calculated intensities. The resulting lattice
ScMnOBQ, 3.304 2.892 3.298 3.657 3.359 parameters obtained from this data a®=9.669(4) A,
b=9.445(8) A, andc=3.297(9) A.
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TABLE |. Structural parameters of the warwickite ScMnOBO
(see Figs. 1 and 2 for the meaning of the distapdesr the other
warwickites studied in this work the distances above maintain the
same relations. Furthermore the respective distances differ at mogt
by 3% from those above. ¢
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FIG. 4. The inverse of the ac susceptibilities of several warwickites as a function of tempenatut@g Hz,Hy,=10 Oe@. The insets
show the temperature dependence of the susceptibility in the neighborhood of the spin-glass transitions for different frequencies.

formed on MgFeOB@at temperatures between 300 and 4.20btained by a least-squares procedure assuming Lorentzian
K. The spectra were obtained using a constant acceleratidine shapes constrained to equal halfwidths. Following the
electromechanical drive system with a multichannel analyzewindow model, the spectra obtained in the magnetically or-
for collecting and storing the data. The temperature stabilitydered regime were fitted to a hyperfine field distribution
was better than 0.1 K>’Co in rhodium was used at room (HFD), p(H), by superposing subspectra with Lorentzian
temperature as a source, with nominal activity of 50 mCi.line shapes, constrained to equal quadrupole splitting, isomer
The hyperfine parameters for the paramagnetic spectra weshift and halfwidths® Typical errors are-3% on hyperfine
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FIG. 4. (Continued)

parameters and 5% on site occupancies.

the smallest to Fe in columns 2 and 2 This is very close

At room temperature the paramagnetic regime is repreto the occupancies found by Norrestam for MgScQB@

sented by two symmetrical doublefSig. 5 with hyperfine
parameters typical of high spin e (Table Ill) and compa-
rable to those previously publishéliThe relative contribu-

his crystallographic studiésAs temperature decreases the
paramagnetic pattern remains invariable up to temperatures
about 15 K, when a noticeable broadening of the spectrum is

tions, as measured from the spectral area, are quite similar wearly observed, indicating relaxation effects.

those reported® 78% from the largest doublet and 22%
from the smallest. Following Wiedenmaret al!® we at-
tribute the largest doublet to £&in columns 1 and 1and

The spectrum taken at 14 K shows clear evidence of
HFD. The evolution for further decreasing temperature is
characterized by an increase of the hyperfine magnetic fields
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FIG. 4. (Continued)

and a decrease of the distribution halfwidths centered at thepectrum taken at 10 K represents an intermediate regime
most probable hyperfine field. The spectrum taken at 4.2 K iketween the onset of the magnetic ordering and the almost
quite similar to that reported by Wiedenmaeinal,'®but we  saturated state; the resultipgH), with four broad distribu-
were not successful in appropriately fitting it to the param-tions, is consistent with such an intermediate regime.

eters previously reported. A poor fitting was possible at the These results resemble those obtained for other spin-glass
expense of using unreasonable linewidths. Therefore, it apsystems->~*2 Following Window!° we attributed the distri-
pears that a hyperfine field distribution is the best alternativéution centered at the lowest hyperfine field to iron atoms in
to fit all the spectra taken below 15 K. As illustrated in Fig. columns 2 and 2 and the distribution centered at higher

6, all the spectra taken below 15 K sh@{H) curves com- fields to iron atoms in columns 1 and with different
prising four distributions, centered at fields displayed inneighborhoods.

Table IV. Thep(H) curve obtained at 14 K shows an almost

resolved distribution centered at 71 kOe and three unre-

solved ones centered at 177, 271, and 344 kOe. At 4.2 K, the 1. DISCUSSION

p(H) with the most probable hyperfine field centered at 415

kOe, and small contribution from the other distributions, IScontaining the metal sites. The magnetic cations are ran-

|nd|cat|ve0 that the system is very near the saturated statg, .\ |ocated on the sites of a triangular lattice. There are
About 97% of the iron atoms are magnetically coupled. They, o gifferent distances between the magnetic moments as
) ) o shown in this figure and Table I. The distarsseamong the
TABLE Il. Magnetic properties of some warwickitésee text magnetic ions in columns 1 and 1s such to make direct

The effective moments obtained in the present work and in Ref. 13-d interaction important.On the other hand, for ions sepa-
are close to those obtained from the spin only values given above. ' '

In Fig. 2 we show the longitudinal section of a ribbon

Oy (K) Jlkg T; (K) @ Tg(K) Valence 6) TABLE lIl. Hyperfine parameters for MgFeOBQOneasured at
9 300 K. AEq is the quadrupole splitting at the iron site% is the
MgTiOBO; —73 73 20 0.83 T (1/2) isomer shift relative tax-Fe; T is the linewidth at half-heighta is

the site occupancy, given by the relative spectral area. Typical er-
rors arex 3% on hyperfine parameters andb % on site occupan-

MgCrOBO; —20 4 26 066 65 Cr(3/2) cies.

MgVOBO; —-50 19 38 054 6 V(1)

MgFeOBGQ —278 23 100 054 11 Bé(5/2) AEq(mm/s) &g, (mm/9 I (mm/g A (%) Site assignment
ScNiOBG; —16 6 16 0.55 6 Nit (1) 0.84 0.34 0.35 78 1and'1l

ScMnOBG; —60 5 26 050 27 M#" (5/2) 0.78 0.50 0.29 22 2 and'2




56 DIMENSIONAL CROSSOVER IN MAGNETIC WARWICKITES 297

TABLE IV. Hyperfine parameters for MgFeOBOneasured at These distances are larger than the corresponding nearest-
low temperaturesAEg is the quadrupole splitting at the iron sites; neighbor distance, between trivalent magnetic ions located
See is the isomer shift relative ta-Fe; I' is the linewidth at half- preferentia”y in the inner columns in the Mg Systems_ Con-
height for all the Lorentzian used in the fitting;, is the hyperfine sequentlyJ should be smaller for the Sc warwickites as is

field for isolated®'Fe; H,, H,, andH; are attributed to iron atoms  jndeed the casésee Table ).

with different exchange interactionsy; is the relative area corre-

sponding to the contribution of the hyperfine figfj to the total

spectrum.
14 K 10 K 4.2 K

H, (kO® 71 99 138
Ao(%) 28 8 3

H; (kOe 177 226 224
AL(%) 46 27 3

H, (kOe) 271 275 339
Ax(%) 19 2 16
Hs (kOe) 344 350 415
As(%) 7 63 78
AEq (mm/g —-0.02 -0.01 —-0.04
See (MM/9 0.42 0.48 0.45
I' (mm/9 0.48 0.44 0.45

rated by more than 3 A, as in the casedgfandds, super-

As temperature decreases the behavior of the susceptibil-
ity deviates, atT;, from the simple Curie-Weiss behavior
and the temperature dependence of the susceptibility for
T<T; is described by the power lage< T~ ¢. This behavior
is characteristic of random exchange Heisenberg antiferro-
magnetic chaind*~1%In the present case the distribution of
exchange interactions arises from the different distances and
mechanisms of interaction between the magnetic ions ran-
domly located in the ribbon. For sufficiently disordered an-
tiferromagnetic Heisenberg chains we always expect such
power-law behavior in the susceptibility to arise, indepen-
dently of the value of the spitf:’ Note that in the REHAC
regime belowT; the relevant energy scale is the cutoff of the
exchange distribution which is determined by the distance
d, for both Mg and Sc warwickites. In the present context
the fluctuation temperatur€; can be viewed as indicating
the temperature at which the magnetic correlation lefigth
becomes of the order of the width of the ribbon and the
confinement of the spins within this low dimensional struc-
ture starts to play a rol¥.

The main information about thaterribboninteractions is
contained in the spin-glass transition temperatdigsgiven
in Table Il. These interactions are essentially due to super-
exchange among magnetic ions in columns 1 oadd 2 in
different ribbons. The distancé&®, andD, between cations

exchange mediated by the oxygens in the shared edge of

their different octahedra provides a competing mechanism

for their interactiorf*

1.01

From the values oby in Table Il we can derive the val-
ues of the antiferromagnetic exchange couplings
[ Oy=22JFS+1)/3] shown also in this table. These values
of J are determined by the nearest-neighbor interaction
among metals.

If the occupancies found by Norrestam in MgScOBO
(Ref. © are generally valid for the warwickites, then for
ScNiOBGO; and ScMnOBQ@ most of the divalent magnetic
cations are in the outer columns and at a distashcapart.
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O
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(b) 10 K, and(c) 4.2 K as fitted by the hyperfine field distributions
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FIG. 6. Massbauer spectra for MgFeOBQtaken at(a) 14 K,

FIG. 5. Massbauer spectrum for MgFeOBQaken at 300 K. shown.
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in different ribbons are given in Table I. For MgTiOBGhe An interesting feature in the data of Fig. 3 is that for
corresponding angles cation-oxygen-cation are 112 anllgFeOBQ and MgCrOBQ the susceptibility continues to
117 °. The superexchange in this case is mediated by thése below the transition temperature. This indicates that not
oxygens in the common corner of the octahedra containingll magnetic degrees of freedom are blocked gt This is
the cations in the different ribborisee Fig. 1 These inter- not surprising considering the high degree of frustration in-
actions are smaller than ttetraribbon directd-d coupling trinsic to the triangular structure of the ribbons in the war-
as indicated by a direct comparison between theand  Wickite structure(see Fig. 2 The broad HFD obtained at 10
. This hierarchy is a direct consequence of the structur& (Fig. 6) together with the results of Table IV correlate

of ‘the warwickites and the reason for their one-dimensionafiuite well with this feature. Note that even at 4.2 K there is
magnetic behavior. still a definite broadening of the distributions due to the ran-

The results discussed above are consistent with those oBom positions of the Fe ions in the ribbons and the different
tained from MS measurements on MgFeOB®lyperfine type of interactions between them. Such broadenings ruled
magnetic splitting is observed for temperatures lower than 19Ut the possibility of fitting the 4.2 K spectrum with few
K, i.e., Tysse=14 K. As for other spin-glass systertfs, Mmagnetic sextetsfor example, 4 and linewidth at half-
Tog<Twoss: JUSt abovelses (€.9., 15 K, relaxation effects height lower than 0.50 mm/s.
are indicated by line broadening, and below this temperature
the system relaxe_s _Within the MS time spalc_a, y_ielding the IV. CONCLUSIONS
hyperfine field splitting pattern. Thp(H) distribution ob-
tained at 14 K indicates that about 28% of the iron atoms are We have presented results on the magnetic properties of
decoupled at this temperatuf@able 1V). This proportion warwickites. These materials have low-dimensional sub-
decreases to 8% at 10 K, and to 3% at 4.2 K. Since thé&tructures in the form of ribbons which determine their mag-
contribution from the isolated iron atoms in columns 2 andnetic properties. Since they can be formed with many transi-
2’ is about 22% at 300 K, the result obtained at 14 K meandion metals a systematic investigation is possible. There are
that some iron atoms in columns 1 antrémain decoupled two types of magnetic couplings in the warwickites, namely
at the onset of the magnetic ordering. On the other hand, thlé!tl’a- and interribbons. Antiferromagnetic couplmgs due to
p(H) distribution obtained at 10 K with only 8% of the iron directd-d overlap and superexchange together with the ran-
ions belonging to the lower fielp(H) is a clear evidence of dom location of the cations in the ribbons give rise to the
the role played by the ions located in columns 2 andr2 REHAC behavior observed for sufficiently high tempera-
the crossover to three-dimensional behavior. tures. The crossover to three-dimensional behavior which is

The exponentsy are similar and close ta~1/2 except associated with the spin-glass transitions is due to superex-
for the Ti and Cr warwickites. For the former the more sin-change interactions between cations in different ribbons. The
gular behavior of the susceptibility is probably associatedPhysics of the warwickites is dominated by low-dimensional
with the spinS=1/2 of Ti for which we expect stronger effects, frustration, and disorder and has just begun to be
quantum fluctuations. In fact it is only foB=1/2 that a understood.
random singlet phase is found independent of the amount of

disorder in the excha_mge distributip’_r?sOn the_other hand, _ ACKNOWLEDGMENTS
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expected from the fact that the lower critical dimensn We would like to thank the Brazilian agencies CAPES,

for S=1/2 Heisenberg spin-glasses is larger than thtee. CNPqg, and FINEP for partial financial support. We also
There are no studies available for quantum Heisenberg spithank Professor E. Anda and Professor Maria Matos for use-
glasses withS>1/2 but it is natural to expect that fluctua- ful discussions. We thank Professor Paulo H. Domingues for
tions are less important & increases favoring the appear- some preliminary results on MgFeOB@nd HEler J. Kinast
ance of a transition. for help on the Rietveld refinements.

1J. C. Fernandes, R. B. Guimas M. A. Continentino, H. A.  7J. J. Capponi, J. Chenavas, and J. C. Joubert, J. Solid State Chem.

Borges, J. V. Valarelli, and A. Lacerda, Phys. Re\6® 16 754 7, 49 (1973.

(1994. 8J. Rodriguez-Carvajal1996: Short reference guide of the pro-
2M. A. Continentino, J. C. Fernandes, R. B. Guine=aB. Bo- gram FullProf Version 3.1c, available in “pub/divers/fullp” of

echat, H. A. Borges, J. V. Valarelli, E. Haanappell, A. Lacerda, the anonymous ftp area of the LLB unix cluster.

and P. R. J. Silva, Philos. Mag. B3, 601 (1996. 9Similar features are seen in compounds with triangular structures;

3M. Brunner, J-L. Tholence, L. Puech, J.J. Capponi, S. Haan, R. G. Aeppli, C. Broholm, A. Ramirez, G. P. Espinosa, and A. S.
Calemczuk, J.C. Fernandes, and M.A. Continentino, Physica B Cooper, J. Magn. Magn. Mate90&91, 255 (1990.

233 37(1997). 10B. Window, J. Phys. G, S323(1970; J. Phys. E4, 401(1971).
4M. Matos, R. Hoffman, A. Latge, and E. Anda, Chem. Mar. M. S. Ridout, J. Phys. @, 1258(1969.

2324(1996. 12C. Meyer, F. Hartmann-Boutron, Y. Gros, and |. A. Campbell, J.
5D. C. Marcucci, A. Latge, E. Anda, M. Matos, and J. C. Magn. Magn. Mater46, 254 (1985.

Fernandegunpublishedl 13A. Wiedenmann and P. Burlet, J. PhyBari9 Collog. 8, C6-720

6R. Norrestam, Z. Kristallogrl89 1 (1989. (1978; A. Wiedenmann, P. Burlet, and R. Chevalier, J. Magn.



56 DIMENSIONAL CROSSOVER IN MAGNETIC WARWICKITES 299
Magn. Mater.15-18 216 (1980. Commun.98, 411 (1996.

¥W. G. Clark, inPhysics in One Dimensioredited by J. Ber- ’R. A. Hyman and Kun Yang, Phys. Rev. Lef8, 1783(1997.
nasconi and T. Schneider, Springer Series in Solid State SciencéD. S. Fisher, Phys. Rev. B0, 3799 (1994, and references

(Springer-Verlag, Berlin, 1981 p. 289. therein.
155, K. Ma and C. Dasgupta, Phys. Rev2B, 1305(1980; J. E. 195ee,Heidelberg Colloquium in Glassy Dynamijadited by J. L.
Hirsch and J. V. Joseébid. 22, 5339(1980. van Hemmen and I. Morgenstern, Lecture Notes in Physics Vol.

6B, p. Boechat, A. Saguia, and M. A. Continentino, Solid State  Vol. 23 (Springer-Verlag, Berlin, 1987



