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Critical dielectric susceptibility at a magnetic BEC quantum critical point
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Magnetic- eld-induced phase transitions are investigated in the frustrated gapped quantum paramagnet
Rb,Cu;Mo30;, through dielectric and calorimetric measurements on single-crystal samples. It is clari ed that
the previously reported dielectric anomaly at 8 K in powder samples is not due to a chiral spin liquid state as has
been suggested, but rather to a tiny amount of a ferroelectric impurity phase. Two eld-induced quantum phase
transitions between paraelectric and paramagnetic and ferroelectric and magnetically ordered states are clearly
observed. Itis shown that the electric polarization is a secondary order parameter at the lower- eld (gap closure)
quantum critical point but a primary one at the saturation transition. Having clearly identi ed the magnetic
Bose-Einstein condensation (BEC) nature of the latter, we use the dielectric channel to directly measure the
critical divergence of BEC susceptibility. The observed power-law behavior is in very good agreement with
theoretical expectations for three-dimensional BEC. Finally, dielectric data reveal magnetic presaturation phases
in this compound that may feature exotic order with unconventional broken symmetries.
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I. INTRODUCTION Unfortunately, it still remains inaccessible, as there is no
practical way to produce a measurement eld that is modu-
lated at the atomic length scale. At best, it can in principle

e inferred from correlation functions measured in scatter-

. . ; . ing experiments15]. In this paper, we demonstrate how the
[6]|’ Eog,te—(jElnfstel|In c:hondert]sat|qt|_1 (BE%)E'é a_lrgulably thke MOSEitical susceptibility at a BEC QPT can be measudkd
g(renelerao? aoua{:tupr)n ak?:serirr];rlllsci)tri]c?ﬁ (QPT;Str?afoc;n gg’cjffectly, by actually applying an excitation eld and measuring
at Eero terr?peraturepand is driven by quantum uctuations:[he feSponse. We study a quantum magnetic material Wit.h a
For lattice gases it represents a transition from a ga leseld—mduced magnon_BEC QPT’. n Wh'(.:h r_nagnetpelectnc
[71. . 9 pres gap g‘oupllng makes theiniform electric polarizatiora primary
super uid to a gapped Mott insulator stat8,J]. One key EC order parameter. The critical behavior of susceptibility

Etrg():‘zrtﬁb(i)l{t angﬂ?g;:ﬂg;?elfs f)nhaBsEeCt,rSagfiltlic;] gllio?mill\;irgr?n t the quantum critical trajectory can thus be directly studied
P Y- Y. 9 via dielectric measurements.

the order parameter, namely, the complex amplitude of the The fact that magnetic- eld-induced transitions in spin

cqndgnsate wave fqnct|on, has no 'physmal eld assoc.'ategystems may sometimes show dielectric anomalies is well
with it. Hence the critical susceptibility is not even physical, known [L6]. Pioneering measurements of critical suscepti-

let alone expgrimentally_ a_ccessible. A. pos_sible work—arou_n%i”ty at a magnetic quantum critical point (QCP) via the
can be found in magnetic insulators. Field-induced Saturat'o'aielectric channel were performed at the saturation tran-

e ek on n BaCoGaOy [17]. Here, eletric polaization i
aramagnetslfl-14], can be dgescribed in tern%spopf a IgEC of Indeed a primary order parameter, being coupiaearly to

P g ' : the staggered magnetization via the so-called spin-dependent

magnons. Here, the BEC order parameter is the spontaneo

spatially modulated (often simply staggered) magnetizatio > hybridization mechanismlB,19]. However, the behavior
transverse to the applied eldlD,13]. The critical suscepti- Observed in BaLoGeOy is representative of the Ising, rather

bility acquires a concrete physical meanin than the BEC, universality class .
yacq phy 9. Critical dielectric susceptibility was also observed in mag-

netic BEC transitions of gapped quantum paramagnets near
their lower critical elds, particularly in the spin ladder com-
pound HC4SO, - Cu,Cl,4 [20,21] and the coupled spin-dimer
*shoheih@phys.ethz.ch system TICud [22,23]. Here, the magnetoelectric coupling
1"Zhe|udC@ethzlc}‘http://WWW.neutron.ethzlch/ iS believed to be Of the “reverse DZyalOShinSkii-MorinﬂI
or “spin current” P5| origin. As shown in Ref. 21] and
Published by the American Physical Society under the terms of thexplained below, for these transitions, electric polarization is
Creative Commons Attribution 4.0 Internationtidense. Further — only critical at the thermodynamic ( nite-temperature) phase
distribution of this work must maintain attribution to the author(s) transition but becomes secondaryorder parameter at
and the published article’s title, journal citation, and DOI. 0. Consequently, dielectric susceptibility is not critical or

Being the basis of super uidity, superconductivitij [and
numerous other phenomena in systems ranging from col
atoms P,3] to semiconductors4[5] to ferromagnetic Ims
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divergent at the QCP, but merely shows a nite jump. In
this paper, we focus on a different spin-gap material, namely,
Rb,Cup,M030;1,. This compound has two experimentally ac-
cessible magnetic- eld-induced magnon BEC QPTs, one at
the gap-closing eldHc; and another one at saturation eld
He. We show that in thd 0 limit, polarization is a pri-
mary BEC order parameter at thippercritical eld but not

at the lower one.

The peculiar magnetic and dielectric properties of
the quasi-one-dimensional frustrated ferro-antiferromagnet
Rb,Cu,M030,, have been studied for over a decadé-33).

The ground state is a gapped quantum paramagnet, with mag-
netic long-range order induced in a magnon BEC transition at
MoHa 2 T. The BEC “dome” extends up {opH., 13 T,
where the system becomes saturated. Magnetic long-range
order is in all elds conned toT < 1.5 K. The material
generated a great deal of excitement when it was found to
exhibitmagnetie eld-induced ferroelectricity at much higher
temperatures, already @t = 8 K [30-33]. It was suggested
that belowT the system is a chiral spin liquid, with no
magnetic long-range order but with spontaneously chiral spin
uctuations [34]. At much lower temperatures, another dielec-
tric anomaly is detected at the boundary of the BEC dome
[32.

The problem with all those studies is that they were car-
ried out on powder samples. This limits control over sample
quality and is particularly hurtful for any measurements in an
applied eld, where any features in the data will be smeared
out by the directional averaging of magnetic anisotropy. In
contrast, this paper is based single crystalsWe rst show
that theT = 8 K anomaly isspuriousand due to an impurity
phase. We then do whatiis principle impossible in powders:
measure the quantum scaling behavior of critical dielectric
susceptibility at théd., magnon BEC QCP.

Il. MATERIALS AND METHODS

A. Rb,Cu,;Mo03015: A brief introduction

Rb,Cu,M030;, crystallizes in a monoclinic structure
(space groupC2/ c) [35]. The magnetic properties are due
to S= 1/2 CW#* cations. Cu@ plaquettes form a one-
dimensional chain along the crystallograpbiexis. Powder
samples have been extensively investigated by means of

- . . . FIG. 1. Phot f i Bu,Mo30 I d:
magnetic and dielectric measuremer8-33], high-pressure otos of various RELMosO1, samples use

. . (a) sintered-powder sample, (b) randomly aligned crystals,
studies 6,37, nuclear magnetic resonance (NMRB[39], (c) coaligned crystals, (d) single-crystal sample without and with

neutron scattering3p,3340], muon spin relaxation mea- silver-paste contacts, (e) nely ground crystals, and (f) pelletized

surements32,41], and electron spin resonanc29[33]. The  gjntered-powder sample with silver-paste contacts attached.
ground state is a nonmagnetic singlet with a spin gap

2 K, and the spins become fully polarizedigH 13T
[28,29]. Itis believed that the exchange interactions are highlydepending on the eld direction, and the upper ones being
frustrated: The ferromagnetic nearest-neighhor S 138 K almost the same in all geometries.
and the antiferromagnetic next-nearest-neighlpor 51 K
[26,27]. A recent neutron scattering study suggested an in-
terplay of more complex interactions such as interchain and
anisotropic couplings33]. Comprehensive magnetothermo-  In this paper we employ six types of samples [Fig.
dynamic measurements were carried out on@bMo301» (1) sintered powder prepared following the procedure de-
single crystals 29]. The entire eld-temperature phase di- scribed in Ref. 26] and mounted in a capacitance cell; (2)
agram was mapped out. It turned out to be curiouslyan assembly of about 200 randomly aligned small crystals
anisotropic: the lower critical elds differing by up to 50% in a capacitance cell; (3) about 50 handpicked larger single

B. Sample synthesis and characterization

033053-2
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crystals aligned to have thdiraxes parallel in a capacitance electric eld was applied parallel to the magnetic eld. Addi-
cell; (4) a single crystal of 0.1 mg with silver-paste con- tional heat capacity data fét a andc were collected on a
tacts; (5) a powder produced by nely grinding small single 0.12-mg single-crystal sample using a standard Quantum De-
crystals, in a capacitance cell; and (6) pelletized sinteredsign relaxation calorimetry option as measured in a previous
powder sample with silver-paste contacts. The single crystalstudy R9].
were grown by a spontaneous crystallization using a ux
method B5]. They are pale green, translucent, typically 2 mm . RESULTS AND DISCUSSION
long, and needle shaped, with the long edge parallel to
the crystallographit direction and with well-formed (1D)
or (001) side faces. Powders and powdered crystals were Our rst goal is to clarify the nature of the eld-induced
characterized using powder x-ray diffraction on a RigakuT dielectric anomaly. In short, we nd that it developsly
MiniFlex diffractometer. Within experimental accuracy, all in sintered powder but is absent in all samples derived from
samples were found to be a single phase and fully consistesingle crystals. This is borne out in Fig, which shows
with the reported crystal structur89]. Single crystals were the temperature dependence of sample-cell capacitance for
characterized and aligned using single-crystal x-ray diffracsamples of types (1)—(5). The monotonic and featureless ca-
tion on a Bruker APEX-II diffractometer. The structure was pacitance of the empty cell was measured separately and
again found to be in excellent agreement with that previoushsubtracted. In an applied magnetic eld, the capacitance of
published P9]. the sintered-powdesample develops a peak about 1.5 fF in
the real part, as well as a distinct feature in the imaginary
part at aroundl = 8 K [Fig. 2(a). This behavior is very
similar to the dielectric anomaly reported in Ref31,33] and

For comparative dielectric measurements, samples of typedearly corresponds to the same ferroelectric phase transition.
(1)—(3) and (5) were placed in a capacitance cell with platéHowever, the capacitance peak is completely absent in whole
size 6x 6 mn? and spacing of 0.2 mm. Loaded measurementand powdered single crystals [see Fig¢h)-2(e). For the
cells are shown in Figd.(a)-1(c)and1(e). For single-crystal coaligned-crystals sample, the data in Ri@:) correspond to a
measurements, we used silver-paste contacts directly deen guration withH b andH E. Qualitatively similar data
posited on opposing (001) surfaces of.a® 1.8 x 0.2 mm®  were obtained wittH b, H E andH b,H E. The data for
single crystal, as displayed in Figj(d). For pyroelectric cur- the single crystal in Fig2(d) correspond to a magnetic eld
rent measurements, we deposited silver-paste contacts on thpplied perpendicular to theaxis. The data taken for mag-
surface of a sintered-powder sample that was pelletized bgetic elds along theb direction are qualitatively very similar.
baking at 440C for 60 h. The pellet area was 27 ripand ~ We conclude that th& anomaly reported in Refs3(0-33]
the thickness was 0.78 mm [Fity(f)]. is endemic to sintered powders and must be due to an impu-

The capacitance was measured using an Andeen-Hagerlimgy phase Note that the data in Fig(b) (random crystals)
capacitance bridge at a frequency of 1 kHz. We measureghow a vague eld-dependent feature of about 0.15 fF in the
both real,C, and imaginaryC , parts of the capacitance. real capacitance, suggesting that there may be some residual
An excitation voltage between 1.5 and 15 V was appliedimpurity contamination of the large pile of tiny crystals that
We used 15 V to map out the phase diagram with as high asompose this sample.
possible signal-to-noise ratio and used 3 V to measure critical The most likely culprit is a related copper molybdate,
susceptibility in a linear response regime as discussed belowamely, CygMo0,0g. This material is known to have a huge
Frequency variation of the capacitance was measured by farroelectric anomaly at its antiferromagnetic transition, pre-
Keysight E4980A PrecisiohCR meter. A direct current (dc) cisely at 8 K B2]. The synthesis process for this compound
bias voltage of up to 50 V was supplied by a Keithley 6517A[43] is very similar to that in RpCup,M030;,. In fact, we
electrometer. The pyroelectric currdgtwas measured using have identi ed isolated grains of this material in some of
the same device. our crystal growth batches. To see how possiblgMipOg

All measurements were carried out in a Quantum Dedimpurities might affect experiments on Riu,Mo30;,, we
sign Physical Property Measurement System (PPMS) witlmeasured the capacitance of all@,09 powder sample us-
a maximum magnetic eld of 14 T. Low-temperature dataing the same capacitor. The results are shown inZEiy. The
down toT = 0.1 K were taken with #He-*He dilution re-  anomaly at 8 K coincides with that seen in the sintered-powder
frigerator PPMS insert. For the capacitance measurementsample of RbBCu,Mo301,. Moreover, the magnitude of the
the temperature and magnetic eld were swept continuously C anomaly in CgMo,Qq is about 50 times larger. As little
with minimum sweeping rates of 0.0/ Kiin and 2.5 Oks, as 2% CwMo,0g9 impurities would be enough to mimic the
correspondingly. For measurements of electrical polarization] anomaly in RBCu,Mo030;, sintered powders. Such a small
a voltage of+ 250 V, corresponding to an electric eld of amountwould remain undetected by powder x-ray diffraction.
0.32 kv mm, was applied when cooling the sample from These results lead us to a clear conclusion: Thanomaly is
1.1 to 0.1 K at 11 T to avoid ferroelectric domain forma- not endemic to RECu,M03015.
tion. After turning off the voltage at 0.1 K, we waited for = Though not directly relevant to our main discussion,
about 10 min until any extrinsic current had disappearedwe make the following side note: In bulk single-crystal
I, was measured during the warming of the sample with &Rb,Cu,Mo301, we observe a different dielectric anomaly at
sweeping rate of 0.5 Knin. Electric polarizatiorP is derived  about 19 K, as shown in Fig&(b)-2(d) It is absent in the
from the time integral of the pyroelectric current. The poling bulk material that is ground to a ne powder as shown in

A. High-temperature dielectric properties

C. Experimental procedures
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FIG. 2. Temperature scans of the capacitance above 2 K for
(a) sintered powder, (b) randomly oriented crystals, (c) coaligne
crystals, (d) a single piece of the crystal, (€) powder produced fron&I
nely ground crystals, and (f) C4Mo,O9 powder. The labels of the
left and right axes are the changes in the capacitance from 26K

and C , respectively.
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FIG. 3. Temperature scans of (a) capacita@Gceand (b) pyro-
electric current, measured in pelletized RB8U,Mo030;, sintered-
powder samples at 11 T. The magnetic eld is applied parallel to
the electric eld. (c) Electric polarizatiof® derived from the time
integration of the pyroelectric current. The dashed line is the upper
temperature limit of théHe-*He dilution refrigerator.

Fig. 2(e) In any case, this feature appears to be entirely eld
independent and is therefore of nonmagnetic origin.

B. Low-temperature dielectric anomaly

With the purported high-temperature chiral spin liquid
phase and sample-related issues out of the way, we focus
on the low-temperature behavior across the eld-induced
magnon BEC transition using the pelletized sintered-powder
and single-crystal samples.

1. Ferroelectric polarization
First, we conrm that at precisely the eld-induced

qnagnon BEC transition the sample indeed becomes ferro-

ectric. Figure3 shows the temperature dependence of the
capacitance, the pyroelectric current, and the corresponding
electric polarization for the pelletized sintered-powder sample
measured in a magnetic elgigH = 11 T. In the capaci-

tance, we clearly observe a broad peak at 0.7 K. It exactly

033053-4



CRITICAL DIELECTRIC SUSCEPTIBILITY AT A ... PHYSICAL REVIEW RESEARCHB, 033053 (2021)

0.8————71— T L L I T T o
L (a)Hla, Elc* 1t (b)HIb,Elc* I (c)HIc* Elc* .
(a) (b) (c) ‘05

AC (fF)

poH (T)

FIG. 4. Typical capacitanceC data in applied magnetic elds along the @)(b) b, and (c)c directions. The label of the vertical axis
is the change in the capacitance from 14-T . For visibility, the scans are offset by 0.1 fF relative to one another. Note that the data in
(b) and (c) were previously rescaled by 2 and 0.5, respectively, in order to unify the scale among all plots. Arrows indicate phase transitions as
discussed in the text.

corresponds to the phase boundary of the magnon BEC dontin to dielectric susceptibility, which we henceforth denote as
[29], broadened due to random orientations of the powder . To separate this contribution out, we follow the approach
grains relative to the applied-magnetic- eld direction. This of Ref. [17]. We assume that below = 1 K only this crit-
feature is consistent with the previous dielectric study belowical contribution shows any signi cant eld dependence. We
6 T[32. measure the capacitanCeof the sample@  0.24 pF corre-
Following the protocol described abovepgH = 11 Twe  spondingto 10 o) and subtract a baseline value measured
also clearly observe a pyroelectric currgnthat peaks atthe at 14 T (well outside the critical regime) at the same temper-
magnetic transition44]. This current and the corresponding ature: C = C(H)S C(14 T). In our experiments, C/C
electrical polarization are completely switchable by the polingl%. We further assume that the critical susceptibilityis
electric- eld reversal [Figs3(b) and 3(c)]. This tells us that proportional to C. This approach is, admittedly, not without
spontaneous ferroelectric polarization is an inherent propertiimitation, as a separation between analytical and singular free
of the magnon BEC phase. energy contributions is not unambiguous to begin with. In-
As discussed in detail below, much higher quality anddeed, the measuredC shows some small variation between
orientation-resolved data on the dielectric constant can be olthe gapped, ordered, and fully polarized phases even away
tained in single crystals. Unfortunately, we were unable to alsérom the critical regions of the eld-induced phase transitions.
measure polarization in these samples. This is undoubtedlfs will be discussed below, at least for the ¢ geometry
due to their tiny size. According to geometry considerationscentral for this study, this effect is considerably smaller than
alone, the pyroelectric current expected in our single crystalthe divergence in the immediate vicinity of the actual critical
is about 50 times smaller than that seen in the large pelletizegdoint.
powder sample, the latter already being at the limit of de- Typical raw data for the three eld con gurations are
tectability using our setup. shown in Fig. 4. Pairs of sharp peaks are clearly ob-
served below 1.4 K forH a, 0.9 K for H b, and 1 K
_ _ - for H c, correspondingly. Only the real partC of the
2. Dielectric susceptibility measured capacitance is plotted. An imaginary contribu-
In the spirit of scaling theory of phase transitions in whichtion is also present and will be noted in SeitlC4.
the free energy of a system is written as a sum of analyticalhese anomalies are very similar to those found at fer-
(slowly varying) and singular (rapidly varying at the phaseroelectric transitions in other magnon BEC compounds
transition) parts, we focus on tlegitical (diverging) contribu- such as TICuGl [2223]. The only difference is that our
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