Nonlinear susceptibility measurements at the spin-glass transition
of the pyrochlore antiferromagnet Y ,Mo0,0-
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We have measured the magnetic field and temperature dependence of the nonlinear dc susceptibility,
xn1» Of the frustrated pyrochlore antiferromagnefMo6,0, close to and above the temperature,
Ty~22 K, where this material exhibits irreversikiigpin-glass lik¢ magnetic behavior. Our results
suggest that the observed irreversible magnetic properties in this material are due to a
thermodynamic spin-glass transition signaled by a divergence of the nonlinear magnetic
susceptibility coefficienty;~(T/T,—1)"" at T, with y=3.3+0.5. x, shows two power-law
behavior aff , x,~H%*, with 5~2.8 forH <1000 Oe and~4.1 for H>2000 Oe. These values for

y and &, as well as the crossover behavior gf at Ty, is consistent what is found in common
disordered Heisenberg spin glass materials. 16 American Institute of Physics.
[S0021-897€06)23908-4

The study of magnetic materials with competingfros-  classical Nel ordered ground stafé? A mechanism of order-
trated antiferromagnetic interactions, inhibiting the forma- by-disorder via thermal or quantum fluctuations may also be
tion of a collinear magnetically ordered state, goes baclat play, and lead to long-range or§e®ne may therefore
more than forty years? However, the past five years have expect two generic scenarios for real kagaame pyrochlore
seen considerable increase in the number of systematic eantiferromagnets. They could display long-rangeeNarder,
perimental, theoretical, and numerical investigations of thespossibly with a sizeable quantum reduction of the staggered
systems:® For example, it has been suggested that the phasaoment due to the “fragility” of the classical order brought
transition into a noncollinear spin structure may belong to about solely by perturbative effectd! Alternatively, quan-
“new” chiral universality class different from the universal- tum fluctuations may be sufficiently large to destabilize the
ity classes appropriate to collinear magrfefdso, the pro-  otherwise classical ground state, and drive the system to an
posal that large levels of frustration can generate quanturanconventional quantum ground stafé.lt is therefore in-
zero-point spin fluctuations sufficient to destroyeNerder teresting that a large number of kagomé and
at zero temperature even for two and three-dimensional sygyrochloré'° antiferromagnets fail to display long-range, or
tems, and lead to novel types of magnetic ground states, hawven extended short-range, dl@rder. Instead, they exhibit
attracted much attenticdit magnetic irreversibilities i.e., spin-glass like behavior, below

Several families of insulating antiferromagnetic materi-a glass temperaturé, . 910This is surprising as a large num-
als with extreme frustration level have been identifiéex-  ber of these systems can be prepared with a very high degree
amples include the kagomand pyrochlore systems. In the of chemical and structural puri*° The mechanism respon-
kagome SrCrGa, 0,9 (Ref. 5 and KMy(OH)4(SQ,),  sible for this spin-glass behavior is not understood, and is
(Ref. § (M=Cr or F@ materials, the moment carrying cat- currently the subject of an intense debtélowever, irre-
ions (Cr, Fe reside on stacked, two-dimensional lattices ofspective of the origin of the glassiness, one would still like to
corner sharing triangle¥® In the AB,O, pyrochlores(A know: “Does T, correspond to a true thermodynamic phase
=Y,Th; B=Mn,Mo), the A°* and B"" cations, which can be transition or, alternatlvely, is it a dynamical freezing transi-
either magnetic or nonmagnetic, sit on two distinct, interpention?”
etrating lattices of corner-sharing tetrahefr¥. Y ,M0,0; is a narrow band gap semiconductor where the

In both the classical kagormend pyrochlore Heisenberg Mo*" ions are magnetic, with an antiferromagnetic nearest-
antiferromagnets, the elementary triangular or tetrahedraieighbor Mo-Mo superexchange, whiléVis diamagnetic.
plaquettes are highly frustrated, and the classical ground@he 270 mg powder sample of,Mo0,0; was prepared as
state of the system is determined by the quite unrestrictivelescribed in Ref. 9. Neutron and x-ray powder diffraction
conditionX; ., S ,=0 oneachindividual plaquette\, where  studies show that there is no measurable amount of oxygen
Saisa classical spin on lattice siteof plaquetteA. The  vacancies or intermixing between the’'yYand the M4*
number of states which satisfy this local condition increasesublattices. Any random disorder in that material is there-
exponentially with system size, leading to a finite groundfore below the 1% detectability level. The magnetization was
state entropy per spin, andcallectiveparamagnetic ground measured using a SQUID magnetometer. The bulk magneti-
state! In real systems, however, perturbations such as latticeation of Y,M0,0, becomes hysteretic beloW,~22 K: the
distortions, crystal-field effects, further nearest-neighbor exfield-cooled (FC) and zero field-cooledZFC) magnetiza-
change or dipolar coupling can lead to the selection of dions measured in fields of 100 Oe show a sharp
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breakaway below 22 R This is a characteristic signature of

C) . : .
the freezing transition observed in conventional chemically ' o 005 koe (a)
disordered spin glass materiafs. g + 050 kOe ]
To assess whether or not a true thermodynamic spin- 1 . ;'%% ‘;%Z .
glass phase transition occurs igM0,0;, we have measured 2 o 500 kOe 1
the nonlinear susceptibility coefficient(T), which is ex- & ¥ *  7.00 kOe |
pected to show a power-law critical divergence clos€ jof = i
the typexs~(T—Ty) "7 (¥>0). ** x5 is extracted from the £
temperature[, and field,H, dependence of the magnetiza- & 25 i .
tion, M(T,H), é‘
— _ 3 5_ g 2.3 A ] , | \ ]
M(T,H)=x1(T)H = x3(T)H+ xs(T)H>— ..., 1) & 20 25 20 . 20
wherex;(T) is the linear susceptibility. Hence, the tempera- 050 T(K)
ture dependence ofy(T) allows a determination of ; and ' Foersok T LT '(b')g-
¥ In fact, all the nonlinear termgy,,,.; With n=1 must 045 ek o ]
) . - ) [ 1o ° ]
diverge atT,, since bothM(T,H) andH are finite quanti- 040 - %120 . © ]
ties. It is therefore convenient to define a “full” nonlinear f: 035 [ oT=230k o ]
susceptibility, x., as S 030 ¢ o ° N
M(T.H) L 025 | s & -
Xn(TH)=1- === 2 " 020 s ° b
X1 X 015 | L, o+ i
Right atTy, x, has a power law dependence kn .010 * * R o]
N i
005 o ° .
Xﬂ|(Tg!H)~H2/§! (3) OOO e Y00 O R .:_ N 1*.' X It. | : ! ‘t‘
wheredis a second critical exponent characterizing the spin- 20 H;ii) 30 .35 .40 45 50
T

glass transitiort®
The magnetlzat|on'data We,re COHeC,tF_"d using the S_QUIQIG. 1. Panel(a): Raw data, susceptibilittM/H vs T for six different
magnetometer under field-cooling conditions; the fidldin cooling fields. Panelb): net nonlinear susceptibilityg,=1—M/yx,;H vs H?
the range 100—7000 Oe was switched on at high temperatufer the six temperatures indicated.
(70 K~3Ty), and kept constant during subsequent slow cool-
ing at a rate 5 mK/s down to the temperature of interest.
Because of the irreversible and time-dependent nature of tHarge increase of the nonlinear susceptibility upon approach-
system’s response beloly only results in temperature range ing T, in this material. We also notice that thg, is only
Tyg<T<3T, are included. Our results on the low- linear in H? up to a maximum fieldH , (T) whose value is
temperature dynamical relaxation of the magnetization imapidly moving toH , (T)=0 upon approachingdy. This is
Y,M0,0; will be reported elsewheré. Three consecutive due to the turning on of thg,,,.; (n>1) corrections which
cooling runs for fixed field were performed, with the magne-diverge atT, as (T—T,)(#~"r*£D 13
tization data averaged over the three runs. Figure 2a) shows a log-log plot of; versusT/T,—1
Figure Xa) shows the field cooled susceptibility with T=21.8 K. There are two sets of data shown on this
x(T,H)=M(T,H)/H for six different cooling fields. Prior to figure, the squares and the triangles. The two data sets were
doing any analysis, we dealt with the fact that the interac-obtained with the same,¥0,0; sample, but from two sepa-
tions do not perfectly average to zero, as evidenced by theate set of experiments separated by four months. The excel-
fact that x;(T) does not have a simplg,~1/T Curie law. lent agreement in the absolute valueaafbetween the two
Theleadingcorrections to scaling coming from this nonzero sets of experiment§.e., no vertical or horizontal shifting of
averaging of the interactions can be eliminated by fittingone set with respect to the other was dogies us an esti-
x(T,H) in powers ofa,,, 1(T)x1[ x1H]?" for n=0, instead mate of the precision of our measurements. A power-law fit
of simply x».1H?", and considering the critical behavior or to the data with square symbols resulted in a fit with mini-
a5+ 1(T) instead ofy,,.1(T).X® For each temperature the mum y? value for T,=21.9 K, yielding a critical exponent
field dependence ofy at small field was fitted with y=3.3+0.5. Afit for the triangles give a best fit fdiy;=21.7
x=x1—xsH? giving a;=x3/x3, and varying the upper limit K with a critical exponent of alsa/=3.3+0.5. The power-
of the field range to determine the limit of validity of this law divergence ofi; saturates fot<0.07 t=T/T,—1). A
restricted fit beyond which highey,,, ,; (n>1) corrections reason for this levelling off of5 for t<0.07 is that the range
become significant. The quality of our magnetization dataof dominance of the termys(T)H? to x,, falls below the
did not allow us to determine tha,=xs/x; coefficient with  smallest fieldH ,,,, (H~100 O8, for which reliable data are
precision better than 50%—100%, and thagelata are not available to us. The increasingly important diverging higher
included here. We show in Fig(ld) the full nonlinear sus- order terms of alternating signigs. x7, €t9 contributing to
ceptibility, x,(T,H), as defined in Eq(2), with y; extracted x,, then causea; to be underestimated whed (T) be-
from the fit y(T,H)=x;— x3sH?, as a function oH? for a  comes less or equal teH,,,. Another possible effect may
few temperatures abové,. These results emphasize the be the slow but finite cooling rate inhibits the attainment of
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— . —_— power-law divergence of3 in SCGO with y=~2.4, while

T= 218K A Martinezet al® recently published results where they argue
3 that the freezing af;~3.5 K in SCGO isotassociated with

] a divergence of (x3 was found to increase by a factor 5 or

) so in Ref. 16, and that this material does not exhibit con-

o ventional spin glass behavior. Schifferal’ found a large

t . increase ofy; in GGG (6 orders of magnitude between 0.2
and 5 K), which they ascribe to a spin glass transition. How-
ever, the temperature dependenceygin GGG is qualita-
tively different than what is found in conventional spin
glasses sincgs has two maxima in GGG, while it is a mono-
tonic function of the temperature in conventional spin
glasses. Hence, from the point of view of nonlinear suscep-
tibility measurements, it appears that the spin glass behavior
observed in ¥YMo0,0; resembles much more what is found in
conventional spin glasses than what has been found in other
topologically frustrated antiferromagnets, such as SCGO and
GGG.
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