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Static Critical Behavior of the Spin-Freezing Transition in the Geometrically Frustrated
Pyrochlore Antiferromagnet Y2Mo2O7
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Some frustrated pyrochlore antiferromagnets, such as Y2Mo2O7, show a spin-freezing transition and
magnetic irreversibilities below a temperatureTf similar to what is observed inrandomly frustrated
spin-glasses. We present results of nonlinear dc magnetization measurements on Y2Mo2O7 that provide
strong evidence that there is an underlying thermodynamic phase transition atTf , which is characterized
by critical exponentsg ø 2.8 and b ø 0.8. These values are typical of those found in random
spin-glasses, despite the fact that the level of random disorder in Y2Mo2O7 is immeasurably small.
[S0031-9007(96)02232-6]

PACS numbers: 75.50.Ee, 75.40.Cx, 75.50.Lk
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The past five years have seen a resurgence of sig
cant interest devoted to the systematic study of g
metrically frustrated antiferromagnets [1,2]. Geomet
frustration arises in materials containing antiferromagne
cally coupled magnetic moments which reside on ge
metrical units, such as triangles and tetrahedra, t
inhibit the formation of a collinear magnetically ordere
state. One of the main motivations for the current inter
in these systems stems from suggestions that the incre
propensity of frustrated antiferromagnets for quantu
zero-temperature spin fluctuations compared to collin
antiferromagnets might be sufficient to destroy Néel ord
and drive these systems into novel quantum disorde
ground states [1,2].

Systems of classical Heisenberg spins residing on
tices of corner-sharing triangles or tetrahedra and a
ferromagnetically coupled via nearest-neighbor excha
constitute particularly interesting cases of highly fru
trated antiferromagnets. Here, theory [3–5] and nume
cal work [4,5] show that these systems do not order a
remain in a “collective paramagnetic state” [3] down
zero temperature. Since, even for classical spins, th
systems have such a small tendency to order, they
excellent candidates for displaying exotic quantum dis
dered ground states [2,6]. However, and perhaps mos
terestingly, experiments show that some nominally perf
(i.e., disorder-free) [7] pyrochlore antiferromagnetic la
tices of corner-sharing tetrahedra exhibit a spin-freez
transition at some temperatureTf [8], below which they
develop magnetic irreversibilities (see Fig. 1) and lon
time magnetic relaxation similar to what is found in co
ventional randomly frustrated spin-glasses such as Cu
EuSrS, and CdMnTe [9]. Muon spin relaxation measu
ments also find a large increase of the1yT1 muon depolar-
ization rate atT ø 20 K, and which indicates a dramati
critical slowing down of the Mo41 moments [10].

Two important questions arise: Firstly, what is the m
croscopic origin of the glassy behavior in pyrochlore an
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ferromagnets? Is it due to the yet undetected micr
scopic disorder inherent to any real material, or is
intrinsic to the idealized perfect material? Secondly, irre
spective of the origin of the glassy behavior, one woul
like to know if the spin freezing is strictly dynamical
(i.e., where the system’s relaxation time exceeds the tim
scale set by the experimental probe), or is it due to a
underlying thermodynamic transition characterized by
truly divergent (spin-glass) correlation length and tim
scale as is believed to occur in conventional disorder
spin glasses [9]? To address these two questions,
have measured the nonlinear magnetic susceptibility,xnl,
of the pyrochlore antiferromagnet Y2Mo2O7. Briefly, we
have found (i) that the freezing atTf is well character-
ized as athermodynamictransition displaying a power-
law divergence of the nonlinear susceptibility coefficien
x3sT d , sT 2 Tfd2g with g ø 2.8, and that the net non-
linear susceptibility,xnl, exhibits critical behavior and
temperature-field scaling properties close toTf which
gives a critical exponent,b ø 0.8. The values we obtain
for g and b are typical of those found in conventiona
disordered spin-glasses, despite any obvious microsco

FIG. 1. Field-cooled (FC, squares) and zero field-coole
(ZFC, triangles) susceptibility for Y2Mo2O7 in a magnetic field
100 Oe.
© 1997 The American Physical Society 947
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disorder in Y2Mo2O7 [7]. Previous high temperature mea
surements of the susceptibility in the Curie-Weiss regim
x  CysT 2 ud show thatu , 2200 K, with a Curie
constantC giving an effective magnetic moment of the
order of 2.3 Bohr magneton per Mo41 [11]. This is very
close to the theoretically expected value of 2.8 Bohr ma
neton per Mo41. Measurements of the high temperatur
susceptibility performed on our samples over the ran
10–800 K are fully consistent with these earlier result
Y2Mo2O7 therefore consists of a dense system of Mo41

moments.
Y2Mo2O7 is a narrow band gap semiconductor, wher

the Mo41 ions are magnetic, with an antiferromagneti
nearest-neighbor Mo-Mo superexchange, while Y31 is
diamagnetic. The 270 mg powder sample of Y2Mo2O7

was prepared as described in Ref. [7]. Neutron an
x-ray powder diffraction refinement analysis of ou
sample showed that there was no measurable amo
of oxygen vacancies or intermixing between the Y31

and the Mo41 sublattices [7]. The random disorder in
that material, most likely oxygen vacancies, is therefo
below the 1% detectability level. The magnetization wa
measured using a commercial SQUID (Quantum Desig
San Diego) magnetometer. The bulk magnetization
Y2Mo2O7 becomes history dependent belowTf ø 22 K:
The field-cooled (FC) and zero field-cooled (ZFC) mag
netizations measured in a field of 100 Oe show a sha
breakaway, as is found in conventional spin-glasses [
belowTf ø 22 K (see Fig. 1) [7].

To determine whether or not a true thermodynam
spin-freezing transition occurs aroundTf ø 22 K in
Y2Mo2O7, we have measured the nonlinear susceptibili
coefficient,x3sT d, which is expected to show a power-law
critical divergence atTf [9]:

x3 ~ t2g , (1)

with t ; TyTf 2 1 andg . 0. x3 is extracted from the
temperature,T , and field,H, dependence of the magne
tization, MsT , Hd  x1sT dH 2 x3sT dH3 1 x5sT dH5 2

. . . , wherex1sT d is the linear susceptibility. Hence, the
temperature dependence ofx3sT d allows a determination
of Tf and g [9]. In fact, all the nonlinear termsx2n11

with n $ 1 must diverge atTf , since bothMsT , Hd and
H are finite quantities. It is therefore convenient to de
fine a net nonlinear susceptibility,xnl, as xnlsT , Hd ;
1 2 MsT , Hdysx1Hd. Right atTf , xnl has a power-law
dependence onH:

xnlsT  Tf , Hd , H2yd, (2)

whered is a secondindependentstatic critical exponent
characterizing the spin-freezing transition [9]. Finally
perhaps the most relevant test ascribing critical behav
to a spin-freezing transition is obtained by seeking
scaling behavior ofxnl of the form

xnlsT , Hd ~ H2ydF stsg1bdy2yHd , (3)
948
-
e,

g-
e
ge
s.

e
c

d
r
unt

re
s
n,
of

-
rp

9],

ic

ty

-

-

,
ior
a

whereb is the spin-glass order parameter critical expo
nent [9]. Here,F sxd is the scaling function which must
obey the following asymptotic behavior:F sxd  const
for x ! 0, and F sxd ~ x22gysg1bd for x ! `, in order
that the scaling behavior has “physical content” [12], an
that Eqs. (1) and (2) are recovered [9,12], hence, givin
the scaling relation

d  1 1 gyb . (4)

The magnetization data were obtained under field
cooling conditions. The fieldH, in the range 100–
7000 Oe, was switched on at high temperatures70 K ,
3Tf d, and kept constant during subsequentslow cooling
at a rate 5 mKys in a fixed field, and down to the
temperature of interest. It took over an hour to go from
70 K to any of the (H-T) data points presented in our
paper. The reason we cooled down infixed fieldinstead
of working along conventional isotherms is to eliminate
any possibility of a magnetic field hysteresis of the
superconducting magnet in the magnetometer affectin
the results; the magnetic field was never decreased dur
the whole experiment. Because of the irreversible an
time-dependent nature of the system’s response belowTf ,
only results in the temperature rangeTf , T , 3Tf are
included. Our results on the dynamical relaxation of th
magnetization in Y2Mo2O7 at T , Tf will be reported
elsewhere.

Prior to doing any analysis, we have to deal with th
fact that the interactions do not perfectly average to zer
as evidenced byx1sT d not having a simplex1 , 1yT
Curie law. It has been argued [9,13] that thelead-
ing (first-order) corrections to scaling coming from this
nonzero averaging of the interactions can be eliminate
by fitting MsT , HdyH to powers ofa2n11sT dx1fx1Hg2n

for n $ 0, instead of simplyx2n11H2n, and consider-
ing the critical behavior ofa2n11sT d instead ofx2n11sT d.
For each temperature the field dependence ofMsT , HdyH
at small field was fitted withMsT , HdyH  x1 2 x3H2,
giving a3  x3yx

3
1 , and varying the upper limit of the

field range to determine the limit of validity of this
restricted fit beyond which higherx2n11 sn . 1d correc-
tions become significant. The quality of our magnetiza
tion data did not allow us to determine thea5  x5yx

5
1

coefficient with precision better thans50 100d%, and thus
a5 data are not included here. We show in Fig. 2 th
net nonlinear susceptibility,xnlsT , Hd, with x1 extracted
from the fit MsT , HdyH  x1 2 x3H2, as a function of
H2 for few temperatures aboveTf . These results empha-
size the large increase ofxnl upon approachingTf . We
also notice thatxnl is only linear in H2 up to a maxi-
mum fieldH1sT d whose value is rapidly moving to zero
upon approachingTf due to the turning on of thex2n11

sn . 1d corrections which themselves diverge atTf as
tsb2nfg1bgd [9].

Figure 3 shows a log-log plot ofx3yx
3
1 vs TyTf 2 1

for five different choices ofTf . The steepness of the
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FIG. 2. Net nonlinear susceptibility,xnl  1 2 Myx1H vs
H2 for the six temperatures indicated.

curves increases as the chosen value forTf is decreased.
ChoosingTf . 23.0 would result in a curve with essen-
tially no extended range of power-law behaviors x3yx

3
1 ~

t2gd. Also, values ofTf . 23.0 K are definitelyabove
the FC-ZFC breakaway point where the magnetizati
data acquisition runs are reversible at the lowest fie
[7,8]. Values ofTf , 21.0 are also not easy to justify
as they are clearly wellbelow the FC-ZFC break-away
point at ø22 K, Also, one observes an obvious upwar
curvature at the far left of the data with the choic
Tf  21 K. Consequently, the log-log plot of thex3yx

3
1

data strongly suggests thatTf is finite and between 21.0 K
and 23.0 K, and the extracted value ofg depends on
the choice ofTf . To better quantify this, we have fit-
ted x3yx

3
1 ~ s1 2 TyTfd2g for a fixed range of values

x3yx
3
1 [ f2 30g (i.e., for afixednumber of data points)

giving the solid line fits in Fig. 3. The goodness of fit

FIG. 3. Log-log plot showing the temperature dependence
a3  x3yx

3
1 vs t ; TyTf 2 1 for five different choices ofTf :

Tf  21.0, 21.5, 22.0, 22.5, and23.0 K. The inset shows the
goodness of fit parameters,X2 (filled squares), for the solid line
fits in the main panel, and the exponentg (open circles) vs the
chosen value forTf (see comments in text).
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3 stidg2, with a3  x3yx
3
1 and

ti  TiyTf 2 1, versus the choice ofTf is shown in
the inset of Fig. 3, along with the corresponding varia
tion of the critical exponentg. As can be seen, a pro-
nounced minimum inX2 is seen as a function ofTf ,
and the best fit is obtained forTf ø 22.2 K, which gives
a valueg ø 2.8. Overall, a conservative estimate gives
Tf [ f21.7 22.7g K, giving g [ f2.4 3.4g.

The power-law divergence ofa3  x3yx
3
1 saturates for

t , 0.05 for a choice ofTf [ f22.0 23.0g K. A reason
for this leveling off ofa3 is that the range of dominance
of the termx3sT dH2 to xnl falls below the smallest field,
HminsHmin , 100 Oed, for which good quality data were
obtained. The increasingly important diverging higher
order terms of alternating signs (x5, x7, etc.) contributing
to xnl then causea3 to be underestimated whenH1sT d
becomes less than or equal toøHmin. Also, the slow
but finite cooling rate inhibits the correct equilibrium
value of xnl from being attained, and this effect may be
compounded with the previous one to produce a saturatio
of a3 for t , 0.05. Overall, the observed behavior ofa3
for Y2Mo2O7 seen in Fig. 3 as well as the uncertainty
on the value ofg are typical of what is observed in
conventional, chemically disordered spin-glasses.

We now attempt to verify that the spin freezing in
Y2Mo2O7 is a legitimate critical phenomenon by seeking
a data collapse and scaling behavior of the net nonline
susceptibility of the form given in Eq. (3). Choosing
Tf  22.2 K and g  2.8, as found in the inset of
Fig. 3, we can find a reasonable data collapse (scalin
of xnl with a choice ofb  0.75 6 0.10 (see Fig. 4).

FIG. 4. Nonlinear magnetization analyzed according to
scaling model for a nonzero spin-glass transition temperatu
with choicesTf  22 K, g  2.8, and b  0.75. The inset
shows the log-log plot ofxnlsT  Tf , Hd ~ H2yd with the
value ofd  4.73 predicted from the scaling relation (4), with
the values ofg  2.8 andb  0.75.
949
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Working with other choices ofTf [ f21.7 22.7g K, and
g [ f2.4 3.4g, we find b [ f0.6 0.9g. As found for
g above, such a value forb is typical of that found
in conventional disordered spin-glasses [9]. The scat
of the data at largex, x ; tsg1bdy2yH, arises because
these data are those that correspond to relatively h
temperature (well aboveTf) and small fields, where the
nonlinear magnetization is small and the experimen
error is the largest. In the limitx ! 0, we observe that
F sxd approaches a constant value, hence confirming t
xnl ~ H2yd at T  Tf with Eq. (4) obeyed. Takingg 
2.8 andb  0.75 at T  Tf  22.2 K, Eq. (4)predictsa
valued ø 4.73. The inset of Fig. 4 shows a log-log plo
of xnlsT  Tf  22.2d K vs H with this value ofd 
4.73 (solid line). The fit is very good, confirming tha
the collapse of thexnlsT , Hd data has physical meaning
underlying a critical phenomenon which fulfills Eq. (4)
Also, in the limit of large x (i.e., at small fields), we
observe that the asymptotic behavior ofF sxd is consistent
with the power-lawF sxd ~ x22gysg1bd (dashed line in
mainˇpanel of Fig. 4) as, again, it should be for th
data collapse to have physical meaning and such t
xnl , t2gH2 for T ¿ Tf andH ! 0.

It is interesting to compare our results for the Y2Mo2O7

pyrochlore with those for the SrCr8Ga4O19 kagomé sys-
tem (SCGO) [2,12,14], and for the site-ordered gadoli
ium gallium garnet magnet Gd3Ga5O12 (GGG) [2,15].
Ramirezet al. [14] found a power-law divergence ofx3 in
SCGO withg ø 2.4, while Martinezet al. [12] recently
argued that the freezing atTf ø 3.5 K in SCGO is not
associated with a divergence ofx3 (x3 was found to in-
crease by a factor of 5 or so in Ref. [12]), and that this m
terial does not exhibit conventional spin-glass behavi
Also, contrary to what we find for Y2Mo2O7, Martinez
et al. argued that the data collapse (i.e., scaling behavi
they obtained forxnl of SCGO was “unphysical” since
the asymptotic behavior of their scaling function was i
consistent with what it should have been according to t
scaling relationd  1 1 gyb [12]. Schiffer et al. [15]
found a large increase ofx3 in GGG (6 orders of mag-
nitude between 0.2 K and 5 K), which they ascribe to
spin-glass transition. However, the temperature dep
dence ofx3 in GGG is qualitatively different than what
is found in conventional spin-glasses sincex3 has two
maxima in GGG, while it is a monotonic function of the
temperature in conventional spin-glasses as well as h
in Y2Mo2O7. Hence, from the point of view of nonlinea
susceptibility measurements, it therefore appears that
spin-glass behavior observed in Y2Mo2O7 resembles much
more closely what is found in conventional spin-glass
than that which has been found in other geometrica
frustrated antiferromagnets, such as SCGO and GGG.

In conclusion, we have measured the nonlinear dc s
ceptibility of the nominally disorder-free geometricall
frustrated pyrochlore antiferromagnet Y2Mo2O7 close to
and above the spin-freezing temperature,Tf , 22 K,
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where this material shows spin-glass behavior. Ou
results show that the freezing transition observed
Y2Mo2O7 is well characterized by a power-law diver-
gence of thex3sT d nonlinear susceptibility coefficient,
x3sT d ~ sTyTf 2 1d2g , with a value g , 2.9 6 0.5.
This implies an underlying thermodynamic glass phas
transition around 22 K in this material. This is further
supported by recent muon spin relaxation measureme
[10]. The net nonlinear susceptibility data,xnlsT .

Tf , Hd, can be collapsed onto a scaling function from
which we can extract the order parameter critical expo
nent b , 0.8 6 0.2. Right at Tf , we find a behavior
xnl , H2yd with a value ofd , 4.7, which satisfies the
scaling relationd  1 1 gyb [Eq. (4)]. The values we
find for g, b, andd are typical of those found in conven-
tional chemically disordered spin-glasses [9].
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