PHYSICAL REVIEW B 75, 014402 (2007)

Formation of magnetic clusters in the strongly frustrated hollandite vanadium oxide
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Magnetic properties of the first hollandite-type vanadium oxide containing anions in the 2 X2 channels,
V72,05(0OH)g(Cl)( 77(H30) 34, are studied via static (dc) and dynamic (ac) magnetic susceptibilities and heat
capacity. At 25 K a rapid increase of magnetic susceptibility is observed; the field-cooled and zero-field-cooled
susceptibilities diverge below this temperature and magnetization shows a pronounced hysteresis. The tem-
perature dependence of dc susceptibility follows the Curie-Weiss law above 350 K; the effective magnetic
moment per vanadium ion is consistent with the 3+ oxidation state. The negative Curie-Weiss temperature
®~-336 K indicates strong antiferromagnetic exchange; combined with low transition temperature, this re-
veals significant spin frustration. The real y’ and imaginary x” components of the ac susceptibility show two
frequency-dependent maxima at 17.5 and 7 K that shift toward lower temperatures with decreasing frequency.
The temperature dependences of the spin relaxation time 7 in various magnetic fields H were obtained by the
Cole-Cole method and analyzed using the scaling law. A very slow relaxation with characteristic times of the
order of 1073 s was found, consistent with fluctuation of cluster magnetic moments. Temperature dependence
of the specific heat does not reveal long-range magnetic order down to 2 K. Magnetic specific heat shows a
broad maximum centered at 25 K, which is consistent with formation and blocking of cluster magnetic mo-
ments. Magnetic exchange pathways in the hollandite structure are analyzed, and a mechanism of magnetic

cluster formation is proposed.
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I. INTRODUCTION

Vanadium oxide compounds show a great variety of inter-
esting electronic and magnetic properties such as insulator-
metal transitions in binary vanadium oxides'? and low-
dimensional magnetism in the intercalated layered oxides
with V,0s, V40,0, V305, and other types of layers.*® In
these oxides vanadium has different types of oxygen coordi-
nation: octahedral, tetrahedral, and square pyramidal, with
the oxidation state varying from 3+ to 5+.° The hollandite-
type vanadium oxides stand apart from the layered ones. The
hollandite structure contains tunnels built of double chains of
edge-sharing MOy octahedra (here M is usually a transition
metal, for example, Mn in the original hollandite MnO,, or
V, Fe, Ni, Mo, etc.).'” The channels are most often occupied
by alkaline, alkaline earth, or other metal cations (Fig. 1).
Hollandite-type compounds possess interesting magnetic and
electrical properties due to one or more of the following
factors: quasi-one-dimensional (1D) character of the tunnel
walls, mixed valence of the transition metal, and partial oc-
cupancy of tunnels or MOy octahedra. Bi, Vg0, (1.72<x
<1.8) shows a temperature-induced metal-insulator transi-
tion accompanied by a strong increase of the magnetic sus-
ceptibility, which is explained by a charge and orbital order-
ing being possible as the V3*/V#* ratio is getting close to
2/1.1012 K, 5(H;0),MngO 4 (0<x<0.5) shows three mag-
netic phase transitions that are sensitive to the amount of
H,O" ions, causing the possibility of Mn**/Mn** ordering.'?
BaRugO4, shows one-dimensional electronic properties and a
quantum phase transition sensitive to disorder.'*

We have synthesized a hollandite compound,
V5 2,04(OH)g(Cl) 77(H30), 34, the first one containing an-
ions in the tunnels (Fig. 1). It has occupational disorder at the
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vanadium sites as well as in the tunnels, while the vanadium
is believed to be mostly in a single oxidation state V31516
In this paper we discuss the magnetic properties of this com-
pound. The rest of the paper is organized as follows. In Sec.
II, the experimental setup and procedures are introduced. In
Sec. IIT A, the static magnetic properties of the hollandite
compound are presented including temperature and magnetic
field dependences of magnetization and irreversible behavior
in the low-temperature phase. Section III B describes the dy-
namic susceptibility of the compound under variation of the
ac field frequency and coapplied dc field. The temperature
dependences of characteristic relaxation times are deter-
mined and analyzed. Section III C covers the results of the
specific heat measurements, revealing that no long-range or-
der is established in the hollandite compound down to 2 K.
In Sec. IV, the obtained results are discussed using the model
of magnetic clusters formation and a subsequent cluster-glass
transition. The crystal structure is examined to reveal mag-
netic exchange pathways and the origin of the magnetic clus-
ter formation. Section V concludes the paper summarizing
the main results obtained.

II. EXPERIMENT

The hollandite compound

V7224)08(OH)(Cl)g 77(2)(H30) 2 34s)

was synthesized hydrothermally and characterized by TGA
using a Perkin Elmer model TGA 7, scanning electron mi-
croscopy and EDS on a JEOL 8900, and FTIR using a
Bruker EQUINOX 55 instrument. The structure of the com-
pound was determined from x-ray powder diffraction data
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FIG. 1.

Crystal structure of V52,05(0OH)g(Cl)o77(H30), 34
viewed along ¢ axis (top). Vanadium ions occupy VOg octahedra,
which share edges to form double chains. A double chain structure
is presented at the bottom; triangular motif of vanadium ions is
shown. Four chains share corners to form tunnels occupied by chlo-
rine (light circles) and hydroxonium (dark circles, hydrogen atoms
are omitted for clarity) ions.

obtained using Cu K« radiation on a Scintag 6-6 XDS2000
diffractometer equipped with a Ge(Li) solid state detector.
The details of the synthesis and structural characterization
may be found in Ref. 15.

The magnetic properties were studied on a powder
sample, mass 0.1 g, using a Quantum Design SQUID mag-
netometer (MPMS XL-5). The temperature dependence of
the dc susceptibility (y=M/H, where M is the magnetization
of the sample and H is the applied constant magnetic field)
was measured while cooling the sample from 400 down to
2 K in a magnetic field of 1000 Oe. Field-cooled (FC) and
zero-field-cooled (ZFC) susceptibilities were measured from
50 to 2 K in magnetic fields from 10 to 5000 Oe. FC sus-
ceptibility was measured by cooling the sample in the mag-
netic field; before taking ZFC data, the remanent magnetic
field was quenched below 3 mOe, the sample was cooled
down to 2 K, then the magnetic field was applied and the
temperature dependence was measured while heating the
sample. The temperature dependences of the ac susceptibility
were measured in the ac field h=4 Oe at various frequencies
f from 0.05 to 1000 Hz, coapplied dc field was varied from
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FIG. 2. Temperature dependence of magnetic susceptibility x
=M/H measured in dc field H=1000 Oe. Inset shows reciprocal
susceptibility corrected due to temperature-independent contribu-
tion (yp=2.2X 107 emu/mol V). The straight line is the best fit to
the Curie-Weiss law at high temperatures.

0 to 1000 Oe. The sample was zero-field cooled as described
above and the ac data were collected while heating the
sample.

For the resistivity measurements, the material was hot
pressed into a pellet whose resisitivity was measured using
the two-probe method in the temperature range from
300 to 140 K. The heat capacity of the pressed pellet was
measured using Quantum Design Physical Properties Mea-
surement System in the temperature range 2 to 350 K.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Static magnetic properties

The dc magnetic susceptibility y measured as a function
of temperature rapidly increases around 25 K indicating a
magnetic phase transition (Fig. 2). The transition temperature
determined as minimum of dx/dT is T,=~19.5 K. The x(T)
dependence does not follow the Curie-Weiss law for up to
room temperature indicating a strong magnetic exchange
which probably leads to a short-range magnetic order. The fit
to the Curie-Weiss law y=yx,+C/(T-0) above 350 K
(straight line in Fig. 2 inset) produces very reasonable pa-
rameters: the temperature-independent contribution x,
=(2.2+0.1) X 10™* emu/mol V, the Curie constant C
=0.99+0.03 emu K/mol V, and the asymptotic Curie-Weiss
temperature ®=-336+1 K. The determined value of the Cu-
rie constant corresponds to the effective magnetic moment of
2.84 wp per vanadium, consistent with the 3+ oxidation
state. The high and positive temperature-independent suscep-
tibility may be attributed to the Van-Vleck contribution. The
negative sign and the high absolute value of © indicate
strong antiferromagnetic exchange between the vanadium
ions, which explains a deviation from the Curie-Weiss para-
magnetic behavior at low temperatures. The absolute value
of O is more than 15 times larger than T, revealing a strong
spin frustration.

In the low-temperature phase, the temperature depen-
dences of magnetization measured under the ZFC conditions
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FIG. 3. (Color online) Field-cooled (solid symbols) and zero-
field cooled (open symbols) dc magnetizations versus temperature
measured for various magnetic fields.

deviate from those measured under the FC conditions (Fig.
3). In small fields, H<100 Oe, the FC and ZFC curves re-
veal an additional small maximum around 7 K, which might
indicate a second phase transition. Increasing H rapidly sup-
presses the amplitude of the large high-temperature ZFC
maximum and makes it shift toward lower temperatures. The
irreversibility temperature decreases with H, as does the dif-
ference between FC and ZFC curves. At and above 5000 Oe
no difference between FC and ZFC susceptibilities is found.
The shape of the FC and ZFC curves around the phase tran-
sition is not typical for spin glasses and rather indicates that
the FC-ZFC difference originates from the net magnetic mo-
ment formation, which is also evident from the hysteresis of
magnetization (Fig. 4) found below T..

B. Dynamic ac susceptibility

The temperature dependences of the ac susceptibility in
the absence of the dc field are presented in Fig. 5. Both the
dispersion x' and absorption x” show two frequency-
dependent maxima around 17.5 and 7 K. With the decreasing
frequency the magnitude of the dispersion peaks increases,
and they shift slightly towards lower temperatures. The mag-
nitude of the absorption peak at 17.5 K also decreases with
decreasing frequency, while the intensity of the small peak at
7 K increases. The shift towards lower frequency is more

M (10° emu/mol V)
<o

30022
H (kOe)

FIG. 4. Magnetization as a function of applied field at 2 K.
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FIG. 5. (Color online) Temperature dependences of real (a) and
imaginary (b) components of ac susceptibility measured with ac
field of amplitude ~=4 Oe at various frequencies.

pronounced for the absorption peaks. The relative shift of the
high-temperature absorption maximum per decade of angular
frequency w=2mf is AT./[T.A(In w)]=0.02 which is close
to the values found in spin glasses and spin-glass like sys-
tems with short-range magnetic interactions.!’

With increasing dc magnetic field the amplitude of the
high-temperature peak decreases for both ' and y”; the
peaks shift towards lower temperatures, so that at and above
500 Oe only one peak is observed (Fig. 6). The amplitude of
the low-temperature peak increases slightly in small fields,
but above 100 Oe a steady decrease is observed. This peak
also shifts to lower temperature when H is increased. The
observed decrease of the susceptibility indicates that coap-
plied dc magnetic field suppresses spin fluctuations, while
the peak shift towards lower temperatures is consistent with
the antiferromagnetic exchange. The nature of the second
peak and the initial increase of its amplitude with H remain
unclear, and the spin processes taking place around the high-
temperature susceptibility maximum also require clarifica-
tions. Temperature dependences of the relaxation time 7
around 7, in both zero magnetic field and in the applied dc
field could have helped to understand these phenomena.

The temperature dependence of the relaxation time 7 may
be obtained from the frequency dependence of y’ and x”
using the Cole-Cole method. This analysis is based on the
assumption that the distribution of relaxation times is sym-
metrical on a logarithmic scale.'® Then
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FIG. 6. (Color online) Temperature dependences of real (a) and
imaginary (b) components of ac susceptibility measured with ac
field of amplitude #=4 Oe and frequency f=100 Hz in various dc
fields H.

X0~ Xs
1+ (iwr,)'™

x(w) = xs+ (1)

where y, and s are the isothermal and adiabatic suscepti-
bilities, respectively, and 7. is the median relaxation time.
The parameter « determines the width of the distribution:
a=1 corresponds to an infinitely wide distribution, while a
=0 corresponds to the case of a single relaxation time. Equa-
tion (1) may be decomposed into the frequency dependences
of real and imaginary susceptibilities as

' _ X0~ Xs
X' (@) = x5+ 5
" {1 B sinh[(1 — @)In(w7,)] }
cosh[(1 = @)In(wr,)] +sin(1/2am) |

(2)

) = Xo— XS|: cos(12am) ]

XROT=75 7] coshl(1 = a)In(wr,)] + sin(1/2am) |

3)

Equations (2) and (3) can be used directly to fit the experi-
mental data; however, it is more reliable to eliminate 7, from
these equations and to start with the fitting of x”(x’) depen-
dences in a complex plane with three variables, x,, x5, and «
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According to this theory, the x"(x’) curves are arcs with the
length (1-a)m(xo— xs), intersecting the abscissa at x'=xg
and x'=xp. At the maximum of ), w7,=1. The experimen-
tal x"(x’) look like superposition of several arcs (from 1 to 4
at different temperatures, but at most temperatures as 3 arcs)
that reflect a presence of several relaxation processes. How-
ever most of the arcs are too small to be accurately analyzed,
therefore we will analyze only the low-frequency arc of
X" (x") curves from 1 to 0.05 Hz as they are the longest ones
and experience the most change when the temperature is
lowered through the phase transition. As seen from Fig. 7,
the model shows excellent fit to the experimental data. The
experimental y”(x’) data [Fig. 7(a)] go through the maxi-
mum towards the adiabatic limit when the temperature is
lowered beyond the 7,. This indicates a significant increase
of the relaxation time around the phase transition. The tem-
perature dependences of the relaxation times are presented in
Fig. 8 for increasing values of the magnetic field H. The «7T)
dependences for nonzero H were obtained in the same man-
ner as above.

In zero field H the relaxation time increases by more than
3 orders of magnitude when the temperature is lowered
through the phase transition. With increasing H the depen-
dences shift towards lower temperatures, and the range of the
relaxation times decreases as the fast relaxation times can no
longer be obtained. This happens because the transition tem-
perature lowers with the magnetic field while the following
limitations exist for the determination of 7 using the Cole-
Cole method: at high temperatures g tends to zero, y, also
decreases and the x”(x') arc collapses, while at low tempera-
tures xo and 7 go to infinity and the fit diverges.

The 7(T) dependences were analyzed using the scaling
law 7=7y(T/T,—1)"*" which produces a good fit for all mag-
netic fields (solid lines in Fig. 8). The values of the charac-
teristic relaxation time 7, critical temperature 7,, and dy-
namical critical exponent zv are summarized in Table I. At
zero H, the characteristic relaxation time is almost 1073 s, T,
is about 11 K, and zv is 8. The characteristic relaxation time
is extremely long, while the critical exponent zv falls in the
range 8—12 that is usually observed in spin glasses.!” The
similarity of zv values indicates that the spin dynamics in the
hollandite compound is close to that of spin glasses. How-
ever, longer relaxation times correspond to the blocking of
cluster magnetic moments as opposed to the freezing of in-
dividual spins found in spin glasses.

C. Specific heat

We have studied the heat capacity of the vanadium hol-
landite compound in order to check whether the 7 K suscep-
tibility maximum corresponds to a long-range magnetic
ordering transition. The temperature dependence of the
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FIG. 7. (Color online) Argand plots (a) and frequency depen-
dences of real (b) and imaginary (c) components of ac susceptibility
for low-frequency relaxation process, 0.05=<f=1 Hz. Solid lines
are the best fits to the Cole-Cole model, Egs. (2)—(4).

specific heat (Fig. 9) does not show any features at either of
the two susceptibility maxima temperatures, meaning that
the long-range magnetic order is not established in the hol-
landite compound down to 2 K. A very general expression
C,=vT+ BT*+BT" was used to check the contributions to
the specific heat in the hollandite compound (the fit is shown
as a solid line in Fig. 9). The first, linear term is related to the
heat capacity of conduction electrons; this term is absent in
the hollandite compound, y=0. This is consistent with high
resistivity following the Arrhenius type temperature depen-
dence (Fig. 10). Phonon contribution is described by the T°
term with the coefficient 8=0.65+0.05 mJ/mol K* which
corresponds to the Debye temperature 6,=430+10 K (the
error comes mostly from the different choices of temperature
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FIG. 8. (Color online) Temperature dependences of characteris-
tic relaxation time determined for various dc fields H for low-
frequency relaxation process. Solid lines are the best fits to the
scaling law.

interval for the fitting). This result is consistent with 6 of
420 to 460 K reported for titanium hollandite with Cs ions in
the tunnels.!” The last term corresponds to the magnetic spe-
cific heat. The exponent n varies from 1.5 to 1.8 for various
temperature intervals up to 40 K; the coefficient B is quite
large, 0.45+0.20 J/mol K¥2. The n values are surprisingly
close to that of ferromagnetic magnons, n=3/2. The ferro-
magnetic magnons may exist in a magnetically ordered com-
pound in the presence of net magnetic moment. As we have
established, the low-temperature phase possesses a net mag-
netic moment but there is no long-range magnetic order. On
the other hand, the magnetic order may be established within
clusters; if the cluster size is large enough, the ferromagnetic
magnons could still be observed. The large value of B indi-
cates that the spin-wave stiffness constant is small, D
=7+3 meV Az, which is consistent with the presence of va-
nadium vacancies leading to reduced magnetic exchange and
softer spin waves. It should be pointed out that it is quite
unusual to find a power-law contribution with the exponent
close to 3/2 for the heat capacity of a nonferromagnetic
compound. The attempts to fix n at other values, for ex-
ample, n=2 typical for two-dimensional (2D) antiferromag-
nets, produce only a poor fit.

We have separated the magnetic part of the specific heat
by subtracting the lattice contribution (Fig. 11). The latter
was estimated from the specific heat of structurally simi-
lar nonconductive and nonmagnetic compounds: rutile

TABLE I. Characteristic relaxation times, critical temperatures,
and dynamical critical exponents for the slowest spin relaxation
processes for various magnetic fields derived from the fit of the
temperature dependences of relaxation time to the scaling law.

H [O¢] 70 [s] T. [K] v
0 6.4(1)x 10~ 11.0(8) 8(1)
10 1.0(4) x 1073 10.6(9) 6(2)

100 3.9(1) X 1072 9.2(1) 2.5(2)
500 3.7(3)x 107! 5.8(1) 2.1(2)
1000 5.0(3) x 107! 6.0(1) 0.45(5)
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FIG. 9. Temperature dependence of specific heat (scattered
data). Solid line represents a theoretical fit (see text for details).

TiO, (Ref. 20) and B-eucryptite LiAlSiO, which is claimed
to have the same heat capacity as hollandite
K, Mg, Tig_,05.2"?> The specific heat data of the above
model compounds are presented in Fig. 11(a) together with
the approximation obtained from the polynomial fit (solid
line). The latter was subtracted from the specific heat of the
vanadium hollandite. The resulting magnetic specific heat
[Fig. 11(b)] shows a broad peak with an onset above 75 K,
around the same temperature when the magnetic susceptibil-
ity starts to significantly diverge from the Curie-Weiss law.
This confirms appearance of the short-range magnetic corre-
lations well above the transition temperature. The magnetic
entropy at 75 K estimated using equation

T
§,(T) = J Cul®) 47 (5)
0 T

is about 9.5 J/(mol V K), close to the theoretical value for
the spin degree of freedom S,=RIn(2S+1)=9.13
J/(mol VK) for S=1 V3* jons [Fig. 11(c)]. At T=17.5K
magnetic entropy is only about 1/3 of the theoretical value,
and at 7 K a negligible magnetic entropy remains. The mag-
netic heat capacity peak is wide, centered at about 25 K, i.e.,
at the same temperature range where the most rapid increase
of magnetization is found. These data agree well with the

107

103 . 1 A 1 :
0.3 0.4 0.5 0.6
100/T (K™

FIG. 10. Resistivity as a function of temperature and its fit to
Arrhenius-type dependence.

PHYSICAL REVIEW B 75, 014402 (2007)

Y02
El
g
<
g 0.1
=
&
UQ.
0.0
15
E)
2 1.0
<
3
g
= 05
g
@]
0.0
TM 8-
> 6
g i
= 4
=
A
w3
0 ' L s ' |

0 20 40 60 8 100
T (X)

FIG. 11. (Color online) (a) C,/T as a function of temperature for
the hollandite V5 ,,05(OH)g(Cl)y77(H30),34 (open circles) and
nonmagnetic structurally similar compounds used to estimate lattice
specific heat. Data for rutile TiO, is shown in solid squares, and for
B-eucryptite LiAlSiO4 (known to have the same heat capacity as
hollandite K,,Mg,Tig_,O,¢) is shown as open triangles. Solid line is
a polynomial approximation over the latter two data sets represent-
ing lattice contribution to the specific heat. (b) Magnetic specific
heat of V;,,05(OH)g(Cl)(77(H30), 34 obtained by subtraction of
lattice contribution from C,. (c) Temperature dependence of mag-
netic entropy.

gradual formation of magnetic clusters of various sizes fol-
lowed by the transition to a cluster-glass magnetic phase.
The true transition temperature is not clear from the heat
capacity data; different magnetic measurements also provide
different 7, values. The best estimation is, probably, the one
obtained from the scaling analysis of the 7(T) dependence,
T.=11.0(8) K, which means that at 11 K cluster magnetic
moments are frozen. The nature of the 7 K magnetic suscep-
tibility anomaly was not revealed by the heat capacity stud-
ies; therefore it should be a minor magnetic moment rear-
rangement easily suppressed by an applied magnetic field.
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IV. DISCUSSION

The vanadium hollandite compound with chloride and hy-
droxonium ions in the channels shows a cluster-glass behav-
ior which is different from the magnetic properties of vana-
dium hollandites with bismuth, lead, potassium, and other
ions.!!'>3-25 There are several structurally related reasons to
explain this difference. In the considered compound all the
vanadium ions have the same oxidation state +3, and the
compound is not conducting with a room-temperature resis-
tivity of 2X10° Q cm. Similar behavior was found in
mixed-valence K,Bi, V304 hollandite which shows Arrhen-
ius behavior due to hopping semiconduction.’® However, in
mixed-valence Bi,VgO4 hollandites high values of conduc-
tivity and Pauli paramagnetism at room temperature are
reported,'!**2 indicating high carrier concentration in the
partially occupied conduction band. None of these mecha-
nisms is our case, and we can assume that in this compound
the d-band splitting occurs in such a way that the lowest
subband is fully occupied for the d*> V3* case. As for the
magnetic properties, the absence of electronic conductivity
means the presence of localized magnetic moments, as op-
posed to Pauli paramagnetism of bismuth hollandites.

The localized magnetic moments experience strong ex-
change in the hollandite structure. The tunnel walls are built
of the double chains of edge-sharing VOg4 octahedra (Fig. 1),
thus there is a direct overlap of the #,, orbitals providing
strong antiferromagnetic exchange. On the other hand, all
antiferromagnetic interactions cannot be satisfied simulta-
neously in the double chains, where the vanadium ions are
arranged in triangular motif (bottom part of Fig. 1), therefore
very strong spin frustration occurs, evidenced experimen-
tally. The four double-chain walls are connected by corner
sharing to form tunnels. The magnetic moments in the
corner-sharing VOg octahedra may interact by 180° superex-
change. Though this interaction is weak for the d>-d” case,
apparently it is strong enough to provide three-dimensional
magnetic exchange. As we remember, no signs of one-
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dimensional magnetism were found experimentally.

The other important structural feature is the presence of
about 10% of disordered vacancies in the vanadium sublat-
tice. It is interesting to note that the concentration of chloride
ions is roughly equal to the concentration of vanadium va-
cancies. Randomly distributed vacancies facilitate formation
of the vanadium clusters of various sizes, which can also be
considered as magnetic domains. Upon temperature decrease
the vanadium magnetic moments order within the cluster, net
magnetic moment increases, and ferromagnetic phonons may
be observed. The exact type of antiferromagnetic order can-
not be determined at this point, but magnetic moment forma-
tion rules out a simple collinear antiferromagnetic order.

V. CONCLUSION

The hollandite-type vanadium oxide
V2,04(OH)g(Cl)77(H;0), 3, with single V3* oxidation
state reveals a strong antiferromagnetic exchange between
V3 spins in edge-sharing octahedra. Geometric frustration
prevents a long-range magnetic ordering which does not oc-
cur down to 2 K as evidenced by heat capacity measure-
ments. The increase of magnetic moment observed around
25 K in dc magnetization and slow relaxation processes
(characteristic time of the order of 107> s) found using ac
susceptibility are explained by magnetic cluster formation
and blocking of cluster magnetic moments. A 7°/> term was
found in the specific heat of the compound and ascribed to
very soft ferromagnetic magnons existing within clusters.
Magnetic cluster formation in the compound is explained by
partial (90%) occupation of the vanadium sites.
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