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Some frustrated pyrochlore antiferromagnets, such A40Y¥0O;, show a spin-freezing transition and
magnetic irreversibilities below a temperatufe similar to what is observed inandomly frustrated
spin-glasses. We present results of nonlinear dc magnetization measuremeplkdoe@®-Ythat provide
strong evidence that there is an underlying thermodynamic phase transifipnvetich is characterized
by critical exponentsy = 2.8 and B8 = 0.8. These values are typical of those found in random
spin-glasses, despite the fact that the level of random disorder,MoXD; is immeasurably small.
[S0031-9007(96)02232-6]

PACS numbers: 75.50.Ee, 75.40.Cx, 75.50.Lk

The past five years have seen a resurgence of signifierromagnets? Is it due to the yet undetected micro-
cant interest devoted to the systematic study of geoscopic disorder inherent to any real material, or is it
metrically frustrated antiferromagnets [1,2]. Geometricintrinsic to the idealized perfect material? Secondly, irre-
frustration arises in materials containing antiferromagnetispective of the origin of the glassy behavior, one would
cally coupled magnetic moments which reside on geolike to know if the spin freezing is strictly dynamical
metrical units, such as triangles and tetrahedra, thdi.e., where the system’s relaxation time exceeds the time
inhibit the formation of a collinear magnetically ordered scale set by the experimental probe), or is it due to an
state. One of the main motivations for the current interestinderlying thermodynamic transition characterized by a
in these systems stems from suggestions that the increastdly divergent (spin-glass) correlation length and time
propensity of frustrated antiferromagnets for quantunmscale as is believed to occur in conventional disordered
zero-temperature spin fluctuations compared to collineaspin glasses [9]? To address these two questions, we
antiferromagnets might be sufficient to destroy Néel ordehave measured the nonlinear magnetic susceptibjity,
and drive these systems into novel quantum disorderedf the pyrochlore antiferromagnet,Mo,0,. Briefly, we
ground states [1,2]. have found (i) that the freezing dt; is well character-

Systems of classical Heisenberg spins residing on laized as athermodynamidransition displaying a power-
tices of corner-sharing triangles or tetrahedra and antilaw divergence of the nonlinear susceptibility coefficient
ferromagnetically coupled via nearest-neighbor exchanggs(7) ~ (I — T;)~” with y = 2.8, and that the net non-
constitute particularly interesting cases of highly frus-linear susceptibility, y,;, exhibits critical behavior and
trated antiferromagnets. Here, theory [3—5] and numeritemperature-field scaling properties close Tip which
cal work [4,5] show that these systems do not order angdives a critical exponenf3 = 0.8. The values we obtain
remain in a “collective paramagnetic state” [3] down tofor y and 8 are typical of those found in conventional
zero temperature. Since, even for classical spins, thessordered spin-glasses, despite any obvious microscopic
systems have such a small tendency to order, they are
excellent candidates for displaying exotic quantum disor-
dered ground states [2,6]. However, and perhaps most in- 0185 [ P

terestingly, experiments show that some nominally perfect = : T .= 22K
(i.e., disorder-free) [7] pyrochlore antiferromagnetic lat- g owsp

tices of corner-sharing tetrahedra exhibit a spin-freezing > s e 1
transition at some temperatufg [8], below which they g o Fc N 8
develop magnetic irreversibilities (see Fig. 1) and long- = ops | 0T £ B, ]
time magnetic relaxation similar to what is found in con- E L LN
ventional randomly frustrated spin-glasses such as CuMn, = 01 ra ”@ae%é
EuSrS, and CdMnTe [9]. Muon spin relaxation measure- L S

ments also find a large increase of th@; muon depolar- 0108 e s a0 25 30 38 40
ization rate afl’ = 20 K, and which indicates a dramatic T(K)

critical slowing down of the M&" moments [10]. FIG. 1. Field-cooled (FC, squares) and zero field-cooled

Two important questions arise: Firstly, what is the mi-(zrc, triangles) susceptibility for ¥0,0, in a magnetic field
croscopic origin of the glassy behavior in pyrochlore anti-100 Oe.
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disorder in ,M0,0; [7]. Previous high temperature mea- where 8 is the spin-glass order parameter critical expo-
surements of the susceptibility in the Curie-Weiss regimenent [9]. Here,F (x) is the scaling function which must
x = C/(T — 0) show thatd ~ —200 K, with a Curie obey the following asymptotic behaviofF (x) = const
constantC giving an effective magnetic moment of the for x — 0, and F (x) « x~2*/(r*8) for x — o, in order
order of 2.3 Bohr magneton per Ko [11]. This is very that the scaling behavior has “physical content” [12], and
close to the theoretically expected value of 2.8 Bohr magthat Egs. (1) and (2) are recovered [9,12], hence, giving
neton per M6*. Measurements of the high temperaturethe scaling relation
susceptibility performed on our samples over the range 5=1+y/8 )
10-800 K are fully consistent with these earlier results. '
Y,Mo0,0; therefore consists of a dense system of*Mo The magnetization data were obtained under field-
moments. cooling conditions. The fieldHd, in the range 100-
Y,M0,0; is a narrow band gap semiconductor, where7000 Oe, was switched on at high temperat(i@K ~
the Md** ions are magnetic, with an antiferromagnetic37), and kept constant during subsequsltw cooling
nearest-neighbor Mo-Mo superexchange, whilé"Yis at a rate 5 mKs in a fixed field, and down to the
diamagnetic. The 270 mg powder sample ofM6,0,  temperature of interest. It took over an hour to go from
was prepared as described in Ref. [7]. Neutron andO K to any of the {/-T') data points presented in our
x-ray powder diffraction refinement analysis of our paper. The reason we cooled downfixed fieldinstead
sample showed that there was no measurable amouff working along conventional isotherms is to eliminate
of oxygen vacancies or intermixing between thé*Y any possibility of a magnetic field hysteresis of the
and the M@* sublattices [7]. The random disorder in superconducting magnet in the magnetometer affecting
that material, most likely oxygen vacancies, is thereforghe results; the magnetic field was never decreased during
below the 1% detectability level. The magnetization waghe whole experiment. Because of the irreversible and
measured using a commercial SQUID (Quantum Desigriime-dependent nature of the system’s response b&low
San Diego) magnetometer. The bulk magnetization oPnly results in the temperature rangg < T < 3T, are
Y,Mo0,0; becomes history dependent bel@y ~ 22 K: included. Our results on the dynamical relaxation of the
The field-cooled (FC) and zero field-cooled (ZFC) mag-magnetization in ¥Mo,0; at T < T, will be reported
netizations measured in a field of 100 Oe show a sharplsewhere.
breakaway, as is found in conventional spin-glasses [9], Prior to doing any analysis, we have to deal with the
belowT, = 22 K (see Fig. 1) [7]. fact that the interactions do not perfectly average to zero,
To determine whether or not a true thermodynamicas evidenced by (7) not having a simpley; ~ 1/T
spin-freezing transition occurs arounfi; =~ 22 K in  Curie law. It has been argued [9,13] that thead-
Y ,Mo0,0,, we have measured the nonlinear susceptibilitying (first-order) corrections to scaling coming from this
coefficient,y3(7'), which is expected to show a power-law nonzero averaging of the interactions can be eliminated

critical divergence af’s [9]: by fitting M(T,H)/H to powers 0faz,+1(T)xi[x1H*"
_ for n = 0, instead of simplyy,,+1H*", and consider-
X3 & T 7, 1) ing the critical behavior ofi,,+1(T) instead ofy,,+1(T).

with 7 = T/T; — 1andy > 0. x; is extracted from the For each.temperatgre the. field dependencM(jT,H)/I;I
temperatureT’, and field, #, dependence of the magne- &t small field was fitted with/ (T, H)/H = x1 — x3H",
tization, M(T, H) = x\(T)H — xs(T)H> + ys(T)HS —  9iVing a3 = X3/ X1 an(_:l varylng.th.e upper_ll_mlt of th_e
..., where y,(T) is the linear susceptibility. Hence, the fi€ld range to determine the limit of validity of this
temperature dependence gf(T) allows a determination 'estricted fit beyond which higheyz,+i (n > 1) correc-

of T; andy [9]. In fact, all the nonlinear termgy,+;  tONS become significant. The quality of our magnestlza-
with n = 1 must diverge aff;, since bothM(T, H) and  tion data did not allow us to determine the = ys/xi

H are finite quantities. It is therefore convenient to de-coefficient with precision better thd60-100)%, and thus

fine a net nonlinear susceptibility1, as ym(T, H) = @5 data are not included here. We show in Fig. 2 the
1 — M(T,H)/(x\H). RightatT;, x, has a power-law net nonlinear susceptibilityy,: (7', H), with x; extracted
dependence oH: from the fitM(T,H)/H = x; — x3H?, as a function of
H? for few temperatures abov&. These results empha-
xal(T = Ty, H) ~ HY?, (2)  size the large increase gf,; upon approachin@;. We

. . . S -
where 6 is a secondndependenstatic critical exponent also notice thatyy, is only Imegr INH" Up to a maxi
mum field H+(T) whose value is rapidly moving to zero

characterizing the spin-freezing transition [9]. Finally, . :
perhaps the most relevant test ascribing critical behavio?lpon approachingy due to the tuming on of thiysn 1

to a spin-freezing transition is obtained by seeking a”,~ 1) corrections which themselves diverge Bt as

. ; (B=nly+BD [9]
ling beh 21 Of the f ™ [9].
scaling behavior ou of the form Figure 3 shows a log-log plot ofs/xi Vs T/T; — 1

xo(T, H) <« H? F (YT P2/H) (3) for five different choices off;. The steepness of the
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.050 I I\:IT—I}O‘OK‘ L B B HELE X2 = Zi[agalc(’T,’) - a:r;neas(’Ti)]z, W|th a3z = X3/X13 and
045 | + 1280« I 7 = T;/Ty — 1, versus the choice of'; is shown in
o 040 F ¥ 150 K o ° . the inset of Fig. 3, along with the corresponding varia-
o035 o 1a o ° 1 tion of the critical exponent. As can be seen, a pro-
S 030 o N nounced minimum inX? is seen as a function of,
L0255 & A 2 1 and the best fit is obtained fat, =~ 22.2 K, which gives
W 020 & A 2 - a valuey = 2.8. Overall, a conservative estimate gives
= 015 ;f st e ot T, € [21.7-22.7] K, giving y € [2.4-3.4].
< 010 5 T . o C The power-law divergence af, = y3/xi saturates for
005 EAE ot C e o ° - 7 < 0.05 for a choice of7; € [22.0-23.0] K. A reason
.000 I £ . for this leveling off ofas is that the range of dominance

.00 .05 .10 .15 .20 .25 .30 .35 .40 .45 .50

HY(T?) of the termys(T)H? to y,; falls below the smallest field,

_ o Hin (Hmin ~ 100 Oe), for which good quality data were
FIG. 2. Net nonlinear susceptibilityy,; =1 — M/xiH vs  obtained. The increasingly important diverging higher-
H* for the six temperatures indicated. order terms of alternating signg, x+, etc.) contributing

to yu1 then causer; to be underestimated whefi, (T)
becomes less than or equal teH,;,. Also, the slow
but finite cooling rate inhibits the correct equilibrium
. 3 value of y,; from being attained, and this effect may be
t|§liy no extended range of power-law beh‘?‘"ﬁ%/)ﬂ * compounded with the previous one to produce a saturation
Th )IIZ CAIZSISC’:Vgluei offy > 2.3'0 Khare dﬁflnltelyabo_ve . of az for t < 0.05. Overall, the observed behavior @f
the ~2FC breakaway point where the magnetization, Y,M0,0; seen in Fig. 3 as well as the uncertainty
data acquisition runs are reversible at the lowest fiel n the value ofy are typical of what is observed in
[7,8]. Values ofT, < 21.0 are also not easy to justify conventional, chemically disordered spin-glasses.

as they are clearly welbelow the FC-ZFC break-away We now attempt to verify that the spin freezing in

point at~22 K, Also, one observes an obvious upward Y,Mo0,05 is a legitimate critical phenomenon by seeking

cur\iatureK atCthe far Ieflt OL thle dlata IWithf the ch3oicea data collapse and scaling behavior of the net nonlinear
T; = 21 K. Consequently, the log-log plot of thes /i susceptibility of the form given in Eq. (3). Choosing

data strongly suggests thag is finite and between 21.0 K T; =222 K and y = 2.8, as found in the inset of
and 23'.0 K, and the extracted V?"Ue ’?f depends on Fig. 3, we can find a reasonable data collapse (scaling)
the ch0|c3e ofTy. To be_tter quan.tlfy this, we have fit- of xm With a choice of8 = 0.75 = 0.10 (see Fig. 4).
ted y3/xi = (1 — T/Ty)"” for a fixed range of values

x3/xi € [2-30] (i.e., for afixednumber of data points)

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

curves increases as the chosen valueTfors decreased.
ChoosingTy > 23.0 would result in a curve with essen-
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FIG. 3. Log-log plot showing the temperature dependence ofIG. 4. Nonlinear magnetization analyzed according to a
as = x3/xi VSt = T /T, — 1 for five different choices of ;: scaling model for a nonzero spin-glass transition temperature
Ty = 21.0, 21.5, 22.0, 22.5, and23.0 K. The inset shows the with choicesT; = 22 K, v = 2.8, and 8 = 0.75. The inset
goodness of fit parameters? (filled squares), for the solid line shows the log-log plot ofy, (T = T, H) « H*? with the

fits in the main panel, and the exponen{open circles) vs the value of§ = 4.73 predicted from the scaling relation (4), with
chosen value fof; (see comments in text). the values ofy = 2.8 and8 = 0.75.
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Working with other choices of’y € [21.7-22.7] K, and  where this material shows spin-glass behavior. Our
v € [2.4-3.4], we find 8 € [0.6-0.9]. As found for results show that the freezing transition observed in
v above, such a value foB is typical of that found Y,M0,0; is well characterized by a power-law diver-
in conventional disordered spin-glasses [9]. The scattegence of they;(T) nonlinear susceptibility coefficient,
of the data at larger, x = 7"A)/2/H, arises because x;(T) « (T/T; — 1)7?, with a value y ~ 2.9 = 0.5.
these data are those that correspond to relatively higlihis implies an underlying thermodynamic glass phase
temperature (well abové&,) and small fields, where the transition around 22 K in this material. This is further
nonlinear magnetization is small and the experimentasupported by recent muon spin relaxation measurements
error is the largest. In the limit — 0, we observe that [10]. The net nonlinear susceptibility data;, (T >
F(x) approaches a constant value, hence confirming thaft,, H), can be collapsed onto a scaling function from
Xn1 & H?? atT = Ty with Eq. (4) obeyed. Taking =  which we can extract the order parameter critical expo-
28andB = 0.75atT = Ty = 222 K, Eq. (4)predictsa nent 8 ~ 0.8 = 0.2. Right at7,, we find a behavior
valued = 4.73. The inset of Fig. 4 shows a log-log plot y,; ~ H*? with a value of8 ~ 4.7, which satisfies the
of xni(T =Ty = 22.2) K vs H with this value of6 =  scaling relations = 1 + y/B [Eq. (4)]. The values we
4.73 (solid line). The fit is very good, confirming that find for y, 8, andé are typical of those found in conven-
the collapse of they, (7, H) data has physical meaning tional chemically disordered spin-glasses [9].
underlying a critical phenomenon which fulfills Eq. (4). We thank M. Harris, D. Huse, A. Ramirez, and
Also, in the limit of largex (i.e., at small fields), we G. Williams for useful discussions. This research has
observe that the asymptotic behaviorBfx) is consistent been funded by the NSERC of Canada under the NSERC
with the power-law F (x) « x~2/*#) (dashed line in Collaborative Research GrarGeometrically-Frustrated
main“panel of Fig. 4) as, again, it should be for theMagnetic Materials
data collapse to have physical meaning and such that
Xni ~ 7 YH>for T > T; andH — 0.
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