Spin Liquids and Antiferromagnetic Order in the Shastry-Sutherland-Lattice
Yb,Pt,Pb
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We present measurements of the magnetic susceptibility x and the magnetization M of single
crystals of metallic YbaPt2Pb, where localized Yb moments lie on the geometrically frustrated
Shastry-Sutherland Lattice (SSL). Strong magnetic frustration is found in this quasi-two dimensional
system, which orders antiferromagnetically (AF) at Tn=2.02 K from a paramagnetic liquid of Yb-
dimers, having a gap A=4.6 K between the singlet ground state and the triplet excited states.
Magnetic fields suppress the AF order, which vanishes at a 1.25 T quantum critical point. The spin
gap A persists to 1.5 T, indicating that the AF degenerates into a liquid of dimer triplets at T=0.
Quantized steps are observed in M(B) within the AF state, a signature of SSL systems. Our results
show that Yb2Pt2Pb is unique, both as a metallic SSL system that is close to an AF quantum
critical point, and as a heavy fermion compound where geometrical frustration plays a decisive role.

PACS numbers: 75.10.Kt,75.20.Hr,75.30.Kz

Much interest has focused on systems with geomet-
rical frustration, where conventional antiferromagnetic
(AF) order is suppressed in favor of more exotic ground
states. The Shastry Sutherland Lattice (SSL) is one
of the simplest frustrated systems [1], consisting of
planes of orthogonal dimers of moments with inter-
dimer coupling J’ and the intradimer coupling J. The
T=0 phase diagram has two limiting behaviors, de-
pending on J'/J. Nonordering dimers are found for
small J'/J, distinguished by an energy gap A between
the singlet and triplet states of the dimer. Insulat-
ing SrCus(BO3)s exemplifies this disordered ‘spin lig-
uid’(SL) regime [2—4]. Conversely, AF order with gapless
magnetic excitations is favored for large J'/J, and the
RBs (R= Gd,Tb,Dy,Ho,Er) compounds may represent
this limit [5-8]. A T=0 transition between the SL and AF
phases has been predicted for J'/J ~0.6 - 0.7 [3, 9-11],
although symmetry-based arguments [12] suggest that
an intermediate state is required, such as a helical mag-
net [13], a weak SDW [12], or a plaquet ordered solid [14].
The known SSL systems have so far not provided exper-
imental access to this transitional regime.

Metallic SSL systems based on Ce or Yb moments have
the potential for a more complex T=0 phase diagram [15—
19]. In the absence of frustration, both the Kondo tem-
perature T and the Neél temperature T in systems
of this sort can be tuned by pressure, magnetic fields,
or doping, suppressing AF order among well-localized
f-electrons to T=0 at a quantum critical point (QCP).
The f-electrons may delocalize at or near this QCP, from
which a strongly correlated paramagnetic phase with de-
localized f-electrons emerges [20-22]. A crucial ingredient
of dimer formation in the SSL is a doublet ground state,
and crystal fields can produce such a pseudo-spin S=1/2
ground state in several Ce and Yb based heavy fermion
(HF) compounds based on the SSL. Complex magnetic

order is found in CesPdsSn, where novel low temperature
properties arise from ferromagnetic (FM) dimers with the
S=1 ground state [23]. Nonordering YboPd2Sn can be
driven AF via pressure [24] and In doping [25], but the
Txr=17K of YbyPdsSn remains large throughout. No ev-
idence for dimer formation, such as a singlet-triplet gap,
is found and instead the magnetic susceptibility x be-
comes constant as T—0, indicating that Kondo physics
dominates in YbaPdsSn [19]. In contrast, the Yb mo-
ments in YboPtoPb remain fully localized, ordering at
Tn=2.07 K, with no indication of Kondo physics [18, 26].

We argue here that YboPtoPb is a SSL system
where frustration dominates over Kondo physics. Mea-
surements of the magnetic susceptibility x(T) find that
YboPtoPb  is a quasi-two dimensional system where
magnetic interactions are highly frustrated. The dimer
formation characteristic of the SSL is evidenced in
YbyPtoPb by a broad maximum in x(T), suggesting that
AF order in YboPtoPb emerges from a paramagnetic
dimer fluid with a singlet-triplet gap A. Magnetic fields
suppress AF order more quickly than the spin gap A,
indicating that the AF phase can only be entered from a
spin liquid at higher temperatures and fields. Quantized
magnetization steps are a signature of other SSL systems,
such as SrCuz(BO3)2 and the RB4 compounds, and they
are observed as well within the AF phase of YbyPtoPb.
As a SSL system, YboPtoPb exemplifies a regime near
AF instability that has not previously been experimen-
tally accessible. As a HF, YbyPtoPb is one of the first
systems where the interplay of geometrical frustration
and quantum criticality can be investigated.

All experiments were performed on single crystals of
YbyoPtoPb  that were prepared from Pb flux [26]. The
electrical resistivity p of YboPtoPb is metallic and ap-
proaches a residual value pg=1.5 pf2-cm, attesting to low
levels of crystalline disorder [26]. Measurements of the dc
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FIG. 1: (Color online) (a) Temperature dependencies of 1/x
for fixed fields B=2 T'(T> 300 K) and B=0.1 T (T< 300
K) along [001] and [110]. Solid red lines are fits to Curie-
Weiss expressions. Inset: the Shastry-Sutherland lattice has
interdimer J’ and intradimer J couplings as indicated, with
moments directed along the dimer bonds. (b) x(T)=M/B for
B=0.1 T (MPMS: e, Hall sensor: (). Solid line is fit to
dimer expression (see text). Inset: expanded view of region
near Tn=2.02 K. (vertical dashed line). x:e, O; dx/dT: A.
Solid line is a guide for the eye.

magnetization M were conducted at fixed fields ranging
from 0.1 -4 T in a Quantum Designs Magnetic Properties
Measurement System (MPMS) for temperatures from 1.8
K-300 K, while a Hall sensor magnetometer was used for
temperatures from 0.06 K-4 K [27].

The dec magnetic susceptibility xy=M/B (Fig. 1) re-
veals both quasi-two dimensionality and strong frus-
tration in YbyPtsPb, where the Yb3+t moments lie on
the SSL (inset, Fig. 1la). For 300 K<T<800 K, x is
well described by a Curie-Weiss temperature dependence
X(T)=x0+C/(T-0), where the fluctuating Yb moments
are close to the 4.54 pp/Yb3T Hund’s rule value (Fig.
la). Weiss temperatures 0110=28 K (B||[110]) and 61 =-
217 K (B||[001]), indicate weak FM correlations within
the [110] SSL plane, but stronger AF coupling between
the SSL planes. The Yb moments are likely directed
along the [110] and equivalent easy directions (Fig. 1a,
inset) [26]. A slope discontinuity in x and the accompa-
nying maximum in d/dT marks the onset of AF order at
Tn=2.02 K, slightly below the T x=2.07 K that is found
in specific heat measurements [26](Fig. 1b, inset). AF or-
der occurs in YboPtoPb at a Neel temperature T 5 that is
much smaller than the mean field values indicated by the
Weiss temperatures, a hallmark of frustration [28]. The
in-plane frustration figure of merit f=60;10/Tny=14 and
the interplanar f=60yo1 /T y=105 reveal a profound inter-
planar frustration in YbyPtoPb | indicating as does the
large magnetic anisotropy x110/X001=30 (T=Tx), that
the individual SSL planes remain magnetically uncorre-
lated at the lowest temperatures.

A broad peak is observed in x(T) for BJ|[110] (Fig. 1b),
indicating that the ground state of YbyPtoPb is nonmag-
netic. The magnetic susceptibility x(T) (B||[110]) is well
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FIG. 2: (Color online)(a) Magnetization M for different fields
B (indicated). Arrows mark Ty, taken from the peak in
d(M/B)/dT. (b) x(T)=M/B for different values of B||[110]
(O: 0.5 T, A: 0.75 T, ¢: 0.95 T). Solid red lines are mean
field expression for x (see text). Inset: arrows indicate peaks
in dyx/dT at Ty, obtained for B=0.5 T, 0.75 T, and 0.95 ('T)
(right to left).

described using the mean field expression x(T)=xp/(1-
2nJ'xp), where J' is the interdimer coupling, n the num-
ber of near neighbors, and xp is the susceptibility of a
single dimer. Both of the Yb moments contribute two
states, and coupling these moments into a dimer pro-
duces a singlet ground state and a triplet excited state,
separated for B=0 by an energy A= -2J. xp is read-
ily calculated from this energy level scheme [29], tak-
ing N to be the number of dimers, kg the Boltzmann
constant, pp the Bohr magneton, and g the Landé g-
factor: xp = (2N (gup)?/kT)[exp(—A/kpT) + 3]. Al-
though there is a small upturn in x(T) at the lowest tem-
peratures, perhaps indicating that a few Yb moments
or even stray impurity moments do not participate in
the magnetic dimers, the fit (Fig. 1b) provides an ex-
cellent account of the measured B=0.1 T susceptibility
X(T) both above and below Ty when A=4.3+0.04 K,
J=-2.3+0.01 K, J'=-1.954+0.03 K, and g=5.43+0.02, the
last consistent with observations in other systems where
Yb37 is in a tetragonal crystal field [30].

Magnetic fields affect both Ty and A, fundamentally
changing the balance of phases present for YboPtoPb at
B=0. Increasing magnetic fields B||[110] shift both the
slope discontinuity in M(Tyx) (Fig. 2a) and its associ-
ated peak in dy/dT (Fig. 2b, inset), as well as the
broad maximum in x(T)(Fig. 2b) to lower temperatures.
Txn(B) is taken from the maximum in dx/dT (inset, Fig.
2b), and the values of Ty determined for each field B
are shown in Fig. 3a. T vanishes for Bocp=1.25+0.01
T, following Tn ~ (Bocp-B)” with the XY class expo-
nent v=0.46+0.03 [31]. This behavior resembles that
of HFs like YbRhySis [32] and CeRhIns [33] near their
AF-QCPs. In contrast, the Bose Einstein Condensation
(BEC) exponent ¥=2/3 is found in quantum magnets like
BaCuSiyOg [34] and T1CuCly [35], where magnetic fields



induce T=0 AF order by driving A —0, via the Zeeman
splitting of excited triplet states [36].

A and Ty vanish at different fields in YbyPtoPb.
The analysis of the B=0 x(T) can be generalized
for B0, using the energy level scheme depicted in
Fig. 3a (inset). Each dimer has a singlet ground
state (Eg=3/2 J), and three excited states with energies
E1=-1/2J-gupB,Es=-1/2J, and Es=-1/2J+gupB. The
dimer magnetization My is derived from the partition
function of these four states, yielding the expression:

2gup sinh (gupB/kpT)

M =
7 1+ exp (—2J/kpT) + 2 cosh (gup B/ksT)

The susceptibility x of N interacting dimers, each with
n neighbors, is given in turn by the mean field expression
X(B,T)= Nxa/(1-2J'nxq4), where the dimer susceptibil-
ity xa=dMy/dB. x(T) is calculated for each of the fields
B represented in Fig. 2a, using the B=0.1 T values of
J'=-1.95 K, J=-2.34 K, and g=5.43. The resulting ex-
pressions agree well with the measured x(T), shown in
Fig. 2b. The Zeeman splitting derived from this analysis
gives A(B)= E1-Eg = -2 J-gupB, whereA drops linearly
from its B=0.1 T value of 4.3 K to zero for Bo=1.5
T (Fig. 3a, inset). We deduce that A(B=0)=4.6 K,
by extrapolating the B=0.1 T value A=4.3 K to B=0.
The relative magnitudes of J=-2.3+0.01 K and J'= -
1.95+0.03 K extracted from the B=0.1 T fit give the
ratio J'/J=0.85, a value that is larger than the critical
value (J'/J)c= 0.6 -0.7, placing YbyPtoPb within the
expected AF regime of the S=1/2 SSL [1].

The phase diagram that is formed by comparing
kpTyn(B) and the energy scale A(B)/kp (Fig. 3a) in-
dicates that for Bocp <B<Ba, there is a nonzero sin-
glet triplet gap A, but no AF order. This regime can
be considered a valence bond solid, where the ground
state is a nonmagnetic singlet. The disappearance of A
for B=Ba indicates that the singlet and triplet dimer
states have become degenerate. In dimer systems like
TICuCl; [37] and BaCuSizOg [34], this gapless and mag-
netic state is unstable to AF order, and T increases as
field increases the population of dimer triplets, analogous
to BEC. In YbyPtoPb | the B=0 AF phase has already
vanished when A —0, although it is possible that re-
entrant AF order or another collective state may result
for B>Ba [38].

Perhaps the most striking signature of the SSL is the
observation of quantized steps in M(B), present either in
the field-induced AF phase in SrCuz(BO3)s [2, 39], or in
the AF phase that is present for B=0 in the RBy4 [40, 41].
We note that they may alternatively be metamagnetic
transitions resulting from the interplay of exchange and
magnetocrystalline anisotropy that is found in unfrus-
trated systems like CeSb [42]. YbaPtoPb is like the other
SSL systems, as a sequence of magnetization plateaux
are evident as broadened steps in M(B) or sharp peaks
in dM/dB, measured at T=0.06 K (Fig. 3b). Increasing
and decreasing field sweeps are hysteretic, indicating that
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FIG. 3: (Color online) (a) The field dependencies of the Neél
temperature Tn (A) and the singlet-triplet dimer gap A (O).
White dashed line is fit to Ty ~(Bocp-B)%*6. Black solid
line is A=Ag-gupB, with A¢g=4.6 K and g=>5.43 obtained
from fit (see text). Inset: Zeeman splitting of the excited
dimer triplet states with energies Eq1, E2, and E3 (see text)
leads to the vanishing of the singlet-triplet gap A(B)=E;i-Eq
for BA=1.5 T (vertical dashed line). (b) M(B), normalized
to Ms=M(4 T) for T=0.06 K. Plateaux in M/Ms (left axis)
correspond to peaks in the inverse susceptibility dB/dM (right
axis), with quantized values as indicated. Vertical dotted line
indicates AF-QCP Bgcp=1.25 T.

YboPtoPb approaches full saturation with M—Mg via a
series of intermediate phases that are separated by first
order transitions, each with increasing fractions of dimer
triplets aligned with the external field. Fig. 3b shows that
the M(B) plateaux are only observed in YbaPtoPb in the
AF state with B<Bgcp. Unlike SrCuy(BOs3)9, TICuCls,
and BaCuSisOg, where very large fields are required to
approach saturation, in YboPtosPb M/Mg —1 for B~4
T, so it is straightforward to observe the entire magneti-
zation process.

Our experiments on YbsoPtoPb  provide new insight
into AF order on the SSL. YbyPtoPb is a conventional
paramagnet when kgT>> J, J’, but an increasing number
of Yb moments form long-lived dimers as kpT decreases
towards A=4.6 K. The stabilization of AF order requires
a substantial occupancy of the excited moment-bearing
triplet state, which is only possible when kT is not
much smaller than A. YbyPtoPb is the only known SSL
system where this condition is met, and the apparent
persistence of the singlet-triplet gap into the AF state
suggests that AF order involves locking strongly bonded
dimers together via weaker interdimer bonds. The phase
diagram in Fig. 3a indicates that increasing either tem-
perature or magnetic field breaks these fragile interdimer
bonds, and YboPtoPb reverts to a liquid of uncoordi-
nated dimers.

The unique characteristics of YbyPtoPb are high-
lighted by comparing its properties to other SSL systems



TABLE I: A comparison of the Neél temperature Ty, in-plane
Weiss temperature 05, frustration figure of merit f=604,/T N,
interdimer exchange J', intradimer exchange J, J'/J, and sus-
ceptibility anisotropy %= xab/Xc, evaluated at Ty in differ-
ent SSL systems (2 K for SrCuz(BOs)2, 250 K and 30 K,
respectively, for TmBy4). T, 045 J', and J are all given in
units of K.

Tn | O | £ J | T [J)T]| % REF
YbaPtoPb [2.02] 28 | 14| 2.3 | 1.9 | 0.83 | 30
GdB 12 | -68 [1.6] 8.9 |0.68/0.076| 1.05 | [43-45]
TmB. 10 [-63 [6.3]0.85] 0.3 | 0.36 |1.5,20]  [7]
ThB, 44 |27 [0.6/1.55|0.33] 0.21 | 0.88
SrCuz(BO3)2| — |-103] — | 85 | 54 | 0.64 | 1.28 | |3, 47]

(Table 1). The magnitudes of the moments, as well as
the Weiss temperatures for fields in the SSL plane 6,
are similar for the RB4 and YboPtoPb, and consequently
YboPtoPb and the RB4 might be expected to order at
similar temperatures. However, AF order is only found
in YboPtoPb when Ty < 6,4, resulting, in part, from
the quasi-two dimensional character of x in YbyoPtoPb,
absent in the other SSL compounds. This suppression of
kpTn to a value that is comparable in magnitude to J’
and J makes dimer formation an integral feature of AF
YboPtoPb, making YboPtoPb the AF counterpart of
the SL SrCuy(BOs3)2. As such, it is the only SSL system
where the interplay of dimer formation and long-ranged
AF order can be studied.

The B=0 ground state for YboPt5Pb is distinct among

both HF and SSL compounds, with AF order develop-
ing from a liquid of dimers. The low Neél temperature,
the persistence of the singlet-triplet dimer gap A in the
AF state, and the suppression of AF order in a small
magnetic field all place YboPtoPb very close to the
AF-SL transition, a regime of the SSL that was previ-
ously only addressed theoretically. While there are other
HFs that form on geometrically frustrated lattices [15],

This W(;rk in these cases it is generally found that long ranged in-

teractions such as the Rudermann-Kittel-Kasuya-Yosida
‘ (RKKY) interaction replace the competing short ranged

[41, 43, 46] ‘ interactions that lead to frustration effects in insulating

| systems. Given that YboPtoPb is an excellent metal
with substantial Yb moments, it is noteworthy that we
observe the singlet-triplet gap, the dimer spin liquid,
and the magnetization plateaux, all signatures of the
SSL that were previously only observed in insulating
SrCus(BO3)s. It is at present unknown whether the HF
character of YbyPtyPb will result in the same break-
down in normal metallic behavior and the stabilization
of unconventional ordered phases that are found near AF
quantum critical points in unfrustrated HF compounds,
or if HF's with geometrical frustration have inherently dif-
ferent properties. YbaPtoPb is one of a very small num-
ber of known compounds where these intriguing ques-
tions can be experimentally explored.
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