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Impurity-induced antiferromagnetic phase in a doped Haldane
system PKNi;_,Mg,),V,0g
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The impurity-induced antiferromagnetic phase inMb_,Mg,) ,V,0g (x=0.020, 0.010, and 0.005Gs
studied by means of heat-capacity and magnetization measurement§=Cnepin is induced by one non-
magnetic impurity, which contributes to the antiferromagnetic phase. The effective interaction between these
impurity-induced spins is weak and the number of the spins is a few percent of all spins, which results in the
disappearance of the antiferromagnetic phase at an anomalously low magnetic fielt HT thiease diagram.
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I. INTRODUCTION To observe the degree of freedom of spins or to estimate
the number of spins, the heat capacity is one of the best
Recent interest in quantum-spin systems is focused otpols. The heat capacity of free spins is expressed by the
spin-gap systems, which are classified into spin-Peierls, spiichottky heat capacity:
alternation, dimer, two-leg ladder, and Haldarsystems.
The ground state of these systems is a nonmagnetic singlet

state and, therefore, the spin correlation decays rapidly. In C:N(g'“BH)2 (S+1/2)

the valence bond solidvBS) model, which is an approxi- kgT2 | sint[ BgugH(S+2/1)]

mate model for the one-dimensiordd=1 (1D) Heisenberg

model, it decays exponentiaflyA numerical study of theS _ (1/2)? 1)
=1 1D Heisenberg model with open boundary conditions sintP(BgugH) '

shows that the staggered moment induced at the edge decays
exponentially** which is consistent with the VBS model.
Experimentally, impurity doping to the spin site is a good
prgbe for the degree of freedom O.f edgg spins. An eleCtro'aune different among those for different sizes of spins and
spin resonance(ESR study+ on impurity-doped NENP 0 can estimate the size of spins, the number of spins, and
showed thes=1/2 states at Ni" sites around the impurifi® e g value from the Schottky heat capacity. The magnetic
To simplify the situation we draw a picture that one nonmag-gysceptibility also tells us information on the number of
netic ion induces tw®d=1/2 Splns which is shown in Flg Sp|ns the size of Sp|ns and tbe/ajue F|gure m) shows

1(a). the inverse magnetic susceptibility of free spins for f&ur

There are several cases for the impurity-induced spins. I 1/2 spins, twdS=1 spins, and on&=2 spin. In this case,
the next-nearest-neighbor interaction is negligible, one non-

magnetic impurity induces two fre8=1/2 spins which is a) Interaction between induced spins are negligible

shown in Fig. 1a). This was reported in NENP doped with
nonmagnetic impuritiésand many other Haldane materials. f@@!@\ W
If there is a strong coupling between the edge spins in one

separated chain, the configuration of impurity-induced spins b) Next-nearest neighbor interaction is strong
is shown in Fig. {c). The total spin in a chain with an even
number of spins is 0 and the one in a chain with an odd

The temperature dependences of the Schottky heat capacity
are shown in Fig. @) for S=1/2, 1, and 2. The shapes are

0000 VWOY o Hhooeee

number of spins is 1. In this case two nonmagnetic impurities S=1 S=1
induce oneS=1 spin on the average, which was observed (c) Edge spins of a separated chain are coupled
only in Y,BaNi;_,ZnOs.” If the next-nearest-neighbor in-

. . . . . . @ @ @ L
teraction is ferromagnetic and strong, the adjacent impurity-
induced spins will be coupled and form & 1 spin. In this §=0 S=1 S=1
case one nonmagnetic impurity will induce o8e1 spin. (N=even)  (N=odd) (N'=odd)
This case has not been reported experimentally in a real ma- @ Ni2* ion ‘ Non-magnetic ion

terial. In any case most of the spins are in a singlet state and

the system would be mapped to the paramagnetic state with FIG. 1. () VBS description when the next-nearest-neighbor in-
a reduced number of spins at low temperatures and at loweraction is neglectedb) VBS description when the next-nearest-
magnetic fields compared to the spin gap energy. neighbor interaction is ferromagnetic) Singlet-triplet model.
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20 T T T magnetic-field—temperatureH¢T) phase diagram we per-
sl — ;‘I’v‘(‘:ss::/:pf:sins 1 formed a magnetization measurement iNfp_,Mg,) ,V,
Iy b one S = 2 spin ] Og up to 38 T. We confirmed the spin-gap phase at the lowest
& 10l | temperature and the disappearance of the spin gap at high
s U ] magnetic field. TheH-T phase diagram is explained by
osH . i means of the molecular-field theory very well.
S | To estimate the degree of freedom of the impurity-
0.0 M—— induced spins, a heat capacity measurement at lower tem-
@ ° kBleu u 10 perature range would be required. In Sec. IV, therefore, we
e prepared lower-concentration samplegNib_,Mg,) ,V,0g
0.04 r T g (x=0.005 and 0.010which have a lower Na temperature
Y - {\‘,’\,‘gss::fpffs'”s ] and performed the heat capacity measurements. Fitting the
R ) one S = 2 spin experimental data to the Schottky heat capacity shows that
’5:'?002 e _ one nonmagnetic impurity induces ofe=1 spin. The ob-
N . T tainedH-T phase diagrams are explained by the molecular-
o0tk e T J field theory as well as that in BNi;_,Mg,),V,04
(x=0.020).

0.00 . .
0.00 0.05 0.10

Neutron scattering, of course, will be required for a de-

() tailed study of the impurity-induced AF phase but a single
Temperature (K) crystal of PbNjV,0g has not been obtained. This material is

incongruent and it is difficult to find an adequate condition
for the crystal growth. The intensity of the spin-wave exci-
tation in the impurity-induced AF phase is expected to be
very small and neutron scattering by means of a polycrystal-
line sample would not be an effective method to obtain the
however, the Curie constant is the product of the number oinformation on the impurity-induced antiferromagnetic
spins, the size of spins, and thevalue and we cannot know phase.
each value separately.

In doped Haldane materials the paramagnetic state is Il. EXPERIMENTAL DETAILS
strongly fluctuated by quantum effects and the impurity- ) .
induced spins are usually not in the ordered state even at low Polycrystalline  samples  of  FWi;_,Mg,) 2V20s
temperatureS:® If the interchain spin interaction is rather (x=0.0050, 0.010, and 0.02Qvere prepared by the solid-
large, however, the impurity-induced spins may be in theState reaction method for heat capacity measurements. .For
ordered state as was observed in a different spin-gap materidle magnetization measurements, an aligned polycrystalline
doped with nonmagnetic impurities CuM,Ge0;.9"*2  sample of PtNi; _,Mg,) ,V,0g (x=0.020) was prepared in
PB(Ni;_,Mg,) »V-0g (Ni2*: S=1, Mg?*: S=0) (Refs. 13 the same way as in Ref. 13. Heat capacity measurements
and 14 is an example of the impurity-induced antiferromag- Were performed down to 0.45 K and up to 14.0 T using a
netic (AF) ordered phase in the doped Haldane system becommercial heat capacity measurement system PPMS
cause the interchain spin interaction is rather large and PbN{Quantum Design Co. L. The magnetization measure-
V,0g is located in the vicinity of the phase boundary be-Ments up to 38 T were performed by means of an induction
tween the ordered phase and Haldane ph&Ske authors of Method using a pair of coaxial pickup coils.

Refs. 13 and 14 observed the AF transition by means of

magnetic susceptibility and heat capacity measurements at 1. PB (NI;_xMG,) ,V,0g (x=0.020

T=2 K in PuNi;_,Mg,) ,V,05. However, the Nel tem-
perature of this material i§=3.5 K and a lower temperature
will be required to study the AF phase in more detail. If a The disappearance of the AF phase by a magnetic field is
small number of spins induced by nonmagnetic ions contribobserved in the magnetic heat capacity measurements in
ute to the antiferromagnetic order, we can map the originaPb(Ni;—xMgy) »V,0g (X=0.020), which is shown in Fig.
spin system to the antiferromagnetic spin system with a re3(&). The magnetic heat capacity is obtained by subtracting
duced number of spins. In this mapped system the number ¢he heat capacity in PbMY,Og from that in PNi, - ,Mg,)
(impurity-induced spins and thgimpurity-induced spin in-  2V,0g SO as to eliminate approximately the contribution of
teraction would be small. Therefore, d@impurity-induced  the lattice heat capacity. The reference compound Biilg
spins would be along the magnetic field and the impurity-Og is isostructural with PbNV,0g and the magnetic Ki
induced AF phase would disappear at an anomalously lovions are replaced by nonmagnetic ions#IgA sharp peak
magnetic field. due to the AF transition is observedB+2.2 K and at 0 T.

In Sec. Il we performed the heat capacity measurement$he peak is suppressed by the magnetic field and it disap-
down to 0.45 K in PtNi;_,Mg,) ,V,0g (x=0.020) in the pears atH~4 T. At H=4 T broad anomalies are observed
magnetic field and observed the disappearance of thand their magnetic field dependence is qualitatively consis-
impurity-induced AF phase at 3—4 T. To complete thetent with the Schottky heat capacity assuming $atl/2, g

FIG. 2. (a) The Schottky heat capacities for fo8r=1/2 spins,
two S=1 spins, and on&=2 spin.(b) The inverse magnetic sus-
ceptibilities for fourS=1/2 spins, twoS=1 spins, and on&=2
spin.

A. Experimental results
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by applying a magnetic field is observed. The broad anomaly at
H= 4 T is the Schottky-like anomaly and it is not due to a phase
transition. The inset is the enlargement of the low-temperature and F|G. 4. (a) Magnetization measurements up to 37.5 T in a field
low-magnetic field region(b) Magnetic entropy estimated from the parallel to the chain axis. The arrow indicates the magnetic field
heat capacity measurements. where the impurity-induced AF phase disappeésMagnetization

. in a field perpendicular to the chain axis.
= 2.1, and the reduced number of free spiNs,is N=2

X 0.020<N, [Nimol™'] or S=1, g=2.1, and N=1 The magnetization in RNi; ,Mg,) ,V,0g (x=0.020) in

% 0.020< N [Nimol~1]. HereN, is the Avogadro number. a field parallel[M(H)] and perpendicularM, (H)] to the

The Schottky heat capacity, hence, is due to Zeeman splittinghain axis(thec axis) is shown in Fig. 4. Here the chain axis

of impurity levels. The temperature of the broad anomalieds also the magnetic easy aiThe slope of the magnetiza-

(Tschotiky in the higher magnetic field is 3 K Tsehorg< 10 tion curve d 2_ K.chz.inges at2-3Tin poth.casesl-d)rf_c and

K. The contribution of the spin-gap excitation to heat capacH-L ¢, which is indicated by arrows in Fig. 4. This corre-

ity may not be completely negligible, which results in a dif- sponds to the disappearance of the AF phase which is ob-

ficulty of quantitative consistence. served in the heat capacity measurement.H&4 T the
The magnetic entropy is shown in Fig(b3. The solid, impurity-induced spins are along the magnetic field.

dashed, and dotted lines in FighBare the entropies on the At high field an abrupt increase of the magnetization is

assumption of the models described in Fig&)11(b), and  observed at around 20 {@epending on temperatyreNow

1(c), respectively. The magnetic entropyHt=0 T increases et us compare this result with the magnetization vs magnetic

drastically at 0.45 K=T=<T,, because of the antiferromag- field (M-H) curve of pure PobNV,0g shown in Fig. 2 of

netic order. AT\ <T the increase of the entropy is due to the Ref. 13. In that figure a sharp changed1/dH at 4.2 K

AF fluctuation of impurity-induced spins and spin-gap exci-was observed. This fact was one of the clearest pieces of

tation. The spin gap of PbpV,0, estimated in Ref. 13 is €evidence of the existence of a Haldane gap in pure PbNi

about 14 K and it is rather difficult to separate the contribu-Og and the authors of Ref. 13 concluded that PAWNDg is a

tions of the AF fluctuation and the spin-gap excitations.Haldane-gap system.

However, the magnetic entropy &, is well above the dot- The present experiment in Bi; -,Mg,) ,V,05 does not

ted line in Fig. 3b) and the model of either Fig.(d) or 1(b)  show such a sharp change @k/dH at the same tempera-

is more adequate than that in FigcB We can safely con- ture 4.2 K. However, the magnetic fields of the kinks in both

clude that one nonmagnetic ion induces t8e1/2 spins or  samples are almost the same and the overall beheesxoept

one S=1 spin in this system. The degrees of freedom offor the low-field region is very similar. These facts clearly

these spins freeze beldly,, which means that a small num- suggest that both of the kinks in pure PBYjOg and

ber of impurity-induced spins interact with each other Pb(Ni;_,Mg,),V,0g originate from the same phenomenon.

weakly and are in an ordered state bel®y. The rest of the It leads to the conclusion that even the doped sample has a

spins do not contribute to the entropy or heat capacity at lowlaldane-gap-like excitation, at least just below the magnetic

temperatures, which means that they are in the singlet stafigld of the kink.

and form a spin-gap mode. Hence, spin-gap and antiferro- The critical fields parallel to the axis [Hﬂ(z K)] and

magnetic spin-wave excitations coexist. perpendicular to the axis pH; (2 K)] were 20.8 T and 18.7
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‘o : FIG. 6. The inverse magnetic susceptibility in(Rb _,Mg,) »
FIG. 5. The magnetic-field—temperatured{I) phase diagram N . . . oo X I
in PBNi; ,Mg,),V,0q (x=0.020). V,0g (x=0.020). The inset is the magnetic susceptibility.

T, respectively. Using Eq2.13.2 in Ref. 16, which relates H=2J E (DS +(9sS—(9(9p)
the critical fieldsH. andH_ to the doublet and singlet gap tewlep

energiesA| and A, for Pb(Ni,_,Mg,) ,V,0g (x=0.020), ,

we obtainA =19 meV, A, =2.4 meV, the mean gap en- ~gugH,2 S 2
{2 3 23 e, s e SR T e i o coorinaton mumbe o adjacnt pins
[Apure=1.9 meV(Ref. 13], which is due to the finite chain is the interaction betyveen the impurity-induced _spknimd
effect2® It is observed thatl, decreases with decreasing B mean the sublattice. There are some relations between

. .2 molecular-field parameters:
temperature and, hencd, also decreases with decreasing

temperature as was observed in pure BbOg,*° SrNi,V, 1

Og,® and other Haldane materi&f3. 0=5CA, ()
The magnetic-field—temperaturél{T) phase diagram is

obtained by heat capacity measurements and magnetization 223

measurements, which is shown in Fig. 5. The suppression A: molecular field constant A= > 7 (4)

and disappearance of the impurity-induced AF phase are ob- Ng“ug

served but this behavior is quite different from that in the
conventional AF phase in a quasi-1D AF magribalf-
integer sping The conventional one is, generally, suppresseHere ¢ is the Weiss temperature afiis the Curie constant.

by the quantum fluctuation of the spins. The magnetic fieldJsing these parameters the saturation fieldis
suppresses the quantum fluctuation and, therefore, the AF

phase in the quasi-1D AF magnet is enhanced by the Ho=2AM. (6)
field 22?2 The qualitative behavior of the AF phase in the
integer-spin quasi-1D AF material, CsNiCis the samé?
PKH(Ni, _,Mg,) ,V,0s is, however, quite different.

M: saturation moment M=Ngu,S. 5)

From the heat capacity measurements we assumecthjhat
S=1/2 andN=2XxXNp, or (b) S=1 andN=1XxXNg.
We need not make difference between modelsand (b)
when we estimatéH, in Eg. (6). The molecular fieldA,
which corresponds to the effective interaction, is estimated
from the Weiss temperature and the Curie constant. These are

The reason for the anomalous behavior of the impurity-obtained by Curie-Weiss fitting in the inverse magnetic sus-
induced AF phase is that the staggered spins which contriteeptibility which is shown in Fig. 6. Half of the molecular-
ute to the AF order are strongly fluctuated by quantum effield constantA/2 is the y-axis intercept in Fig. 6 and\
fects and that the induced staggered spins decay63+15emu!Nimol is obtained. Hence, Ho=3.1
exponentially¥~* Hence, we can map the original system to =0.8 T is obtained. This magnetic field is consistent with the
the simplified model: the system with a reduced number ofalue ofH, where the impurity-induced AF phase disappears.
spins, which is shown in Fig.(&) or 1(b). In model(a) the
spin isS=1/2 and the number of spins =2XxXNy, or IV. PB(NI,_,MG,) ,V,0g (x=0.0050 AND 0.01)
(b) S=1, N=1XxXN,, either of which is adequate for the
impurity-induced spin system inf\i, ,Mg,) ,V,0s. The
interaction between the induced spins is different from the In the previous section we showed the disappearance of
original spin interaction between adjacent spins. We assumtiie impurity-induced AF phase at rather low magnetic field.
here that the effective interaction is isotropic and we adopt &he size of the impurity-induced spins, however, has not
very simple model: the molecular-field approximation. Thebeen obtained because the temperature and magnetic field
model Hamiltonian is ranges are rather high. At higher temperature and magnetic

B. Discussion

A. Experimental results
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FIG. 7. (Color The heat capacity in FNi; ,Mg,) ,V,0g (X

~0.010) scaled by the magnetic field in Fig. 8. At<1.75 T the peak

position changes with increasing magnetic field and, on the
other hand, aH=1.75 T the heat capacities overlap in this
field the contribution from Haldane-gap excitation cannot bescaled temperature. This means thatHat 1.75 T the ap-
neglected and a quantitative explanation for the Schottkylied field is comparable to or larger than the effective field
heat capacity was difficult. We therefore performed the heatiue to the interaction between the impurity-induced spins
capacity measurements in the sample@\®p ,Mg,) ,V,0s  and the impurity-induced spins are along the magnetic field.
(x=0.010 and 0.009Q which have lower Nel temperature. At higher magnetic field the interaction between the
Figures Ta) and qb) show the heat capacity and entropy impurity-induced spins can be negligible and the heat capac-
of the impurity-induced spins, respectively. These data werdy can be fitted by the Schottky heat capacity which is ex-
obtained by subtracting the heat capacity inPND; at ~ Pressed by Eq(l). The dashed line in Fig. 8 is the best fit
H=0 T from that in PBNi,_,Mg,),V,0g (x=0.010) to when S=1. The fitting parameters ar@=2.24 andN=1
eliminate the contribution from phonon and Haldane-gap ex><0-013XN, . The dotted line is the best fit whé& 1/2 and
citations. The minimum spin gap in B, Mg,) ,V,O0g g.=2.2. The fitting parameter iI=2X0.010< N, . We ob-
(x=0.020) in global reciprocal space is estimated as abod@in & better result whe8=1/2, g=2.7, andN~2x0.01
20 T in Fig. 5. The temperature and magnetic field are tog< Na than dotted line in Fig. 8 but thgvalue deviates from
low for the spin-gap excitation to contribute much to the heal2 very much and we fixed thgpvalue at 2.2. The dashed line

capacity and the subtraction would be valid. An anomaly dudsS @ much better fitting than the dotted line. The imperfection

o - of eliminating the contribution from Haldane-gap excitations
to the .NEB.I transmor_\ IS observ_ed al=13K ar_1d _atH may result in a small deviation at higher temperature. Hence,
.:0 Tin F'g.' 7@' This a”°”?a'y is suppressed with INCréas-it is concluded that one nonmagnetic ion induces 8rel
ing magnetic field and disappears &~1.75T. The

) ! spin. The model which is described in Figblis adequate
Schottky anomaly, in turn, is observed ld&=1.75 T. The

o S ) for this material.
qualitative behavior is the same as in(Rh-xMg,) 2V205 The estimated value ofN=1X0.013xN, deviates
(x=0.020).

o ~_ slightly from N=1Xx0.010<N,. The impurity concentra-
The Schottky heat capacity is scaled by the magnetic fielgion is jow in this sample and the contribution from the in-

as we can see in Eq1). We hence show the heat capacity trinsjc vacancies may not be neglected, which would result
in the small deviation.

. : : : ’ .
5 ' I 6 — ‘ . ‘ ‘
* 0.08 - Pb(Ni, Mg),V,0, (x=0.010) 8-§g$ [ T T ]
€ oos| -—l 5- * x=0020 -
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FIG. 8. (Color) The heat capacity in RNi;_,Mg,),V,0q
(x=0.010) scaled by the magnetic field. The temperature range FIG. 10. TheH-T phase diagram in RNi,_,Mg,),V,0s.
which is displayed here is 0.40 KT=< 5.0 K at higher magnetic  Solid circles, triangles, and squares show thelNemperatures in
fields. the samples ok=0.020, 0.010, and 0.0050.
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The disappearance of the “impurity-induced AF phase” at
anomalously low magnetic field may be observed in doped
CuGeQ. The appearance of the AF phase by impurity dop-
ing was reported in the two-leg ladder material SyCy
(Ref. 24 and dimer material TICuGl(Ref. 25. If the AF
phase of these materials is of the same type as doped, PbNi
V,0g0rCuGeQ, the same phenomenon might be observed.
These are future problems.

The fact that one nonmagnetic impurity induces @e
=1 spin means the existence of a ferromagnetic next-
nearest-neighbofNNN) inchain interaction, which is de-
scribed in Fig. 1b). The origin of the NNN interaction is
ascribed to the crystal structureofPBM;Og. In this mate-
rial the edge-shared NiQOoctahedra forms a fourfold screw

Lhain along theb axis’® In this case the nearest-neighbor

in Pb(Ni,_ ,Mg,) ,V,05 (x=0.0050) which is obtained in (NN) and NNN interactions would be comparable and a rela-

the same way as in PKi,_,Mg,) ,V,0g (x=0.010). The
temperature is scaled by the magnetic field. The heat capa
ties overlap with one another &=1 T and they can be

tively large NNN interaction is expected. The existence of

dhe NNN interaction Jynn) is, actually, proposed by Zhe-

judev et al. to explain the spin dispersion in Pbj\i,Og.%°

fitted by the Schottky heat capacity at this magnetic fielgT heir discussion is qualitatively consistent with our experi-

region. The obtained parameters ae=2.15 andN=1
X 0.0061X Ny whenS=1 (dashed ling WhenS=1/2, the
obtained parameter IN=2x0.0049< N, (dotted ling. The
dashed line is a much better fitting than the dotted line an
the result is consistent with that in @&;_,Mg,)»V,0q
(x=0.010).

The H-T phase diagram at the low magnetic field is

shown in Fig. 10. The qualitative behavior is all the same in

Ph(Ni;_,Mg,) ,V,0s. The Nel phases disappear at an
anomalously low magnetic field.

B. Discussion

Here we will estimate the critical fielth in Eq. (6) for
the disappearance of the &lephase by means of the
molecular-field theory as we did in Sec. Ill. The molecular
field constantA in Eqg. (4) is estimated to beA=89
+20 emu *Nimol from the magnetic susceptibility mea-
surement which is shown in Fig. 11. By means of &),
Hy=2.2-06T is obtained in RNi;_,Mg,),V,0q
(x=0.010) and this magnetic field is consistent with the
value ofH where the impurity-induced AF phase disappears
The same result is obtained in the samplexef0.0050.

We can see that the molecular-field constaris almost
independent of the impurity concentration in Fig. 11. Note
that A/2 is the y-axis intercept in Fig. 11. Therefore, the
critical field H,, for the disappearance of the &lgohase only

mental result. Our fits to the data are goodSi1 is as-
sumed at 0.40 KT= 5.0 K in the sample ok=0.010 and
at 0.40 K=T=2.0 K in the sample ok=0.0050. We cannot

gstimateJyyy from the heat capacity measurements but the

success of the fits indicates thi{yy is larger than 5.0 K.

V. SUMMARY

(i) Ph(Ni;_,Mg,) »,V,05(x=0.020): we observed that a
small number of spins are induced by nonmagnetic ions and
they contribute to the impurity-induced AF phase. The dis-
appearance of the AF phase at very low field, 3—4 T, is
observed. This is because the number of impurity-induced
spins is small and the effective interaction is also small.

(i) PB(Ni;_,Mg,) ,V,05(x=0.010 and 0.0050the heat
capacity of the impurity-induced spins is explained very well
if it is assumed that one nonmagnetic ion induces one spin
S=1. The existence of a ferromagnetic NNN inchain inter-
action is suggested. The magnetic field for the disappearance
of the AF phase is explained by means of molecular-field
theory.
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