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Magnetization plateau in the frustrated quantum spin system CgCuBr,
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The magnetic phase transitions of,CsiBr,, which may be described as a s;ﬁrquasi-two-dimensional
frustrated antiferromagnet, were investigated by means of magnetization and specific heat measurements.
Cs,CuBr, undergoes magnetic ordering at aeNeemperaturd y=1.4 K at zero magnetic field. The magne-
tization curve has a plateau at approximately one-third of the saturation magnetization for a magnétic field
parallel to theb andc axes, while no plateau was observed iftfa. The field-induced phase transition to the
plateau state appears to be of first order. The magnetization plateau should be attributed to quantum fluctuation.
The magnetic field vs temperature diagram is presented.
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I. INTRODUCTION the magnetization curve has a plateau at one-third of the

In triangular antiferromagnet$TAFs), spin frustration saturation magnetizatioMs. The magnetization plateau at-
produces a rich variety of phase transitionBor a two- tracts the interest as a macroscopic quantum phenomenon.
dimensional(2D) classical Heisenberg TAF or a ferromag- Figure 2 shows the schematic magnetization curve for the 2D
netically stacked classical Heisenberg TAF, the spin structuréleisenberg TAFH; andH, are the lower and upper edge
of the ground state in a magnetic field cannot be uniquelyields, respectively, an#tis is the saturation field. The two
determined. This is because the number of parameters whidpplanar structures illustrated in Figgajland Xc) are sta-
determines the spin configuration is more than the number dfilized for H<H¢; and H,<H<Hs, respectively. The
equations giving the equilibrium condition. Thus the groundhighly symmetric umbrella structure illustrated in Figdilis
state exhibits a continuous degeneracy in the magnetic field@°t optimal.. .
and no phase transition accompanied by the anomaly of mag- | € field-induced phase transition caused by the quantum
netization arises up to saturation, so the magnetization Cur\?éuctuatlon was actua7ll_yg observed in a ferromagnetically
is monotonic. stacked TAF, CsCuGl™ In the ordered state below)

, =10.5K, spins lie in the plane due to the small easy-plane
For the quantum Heisenberg model on a 2D or ferrorn"iganisotropy and form the 120° structdf&hen the magnetic

nletlcally §tacketd ttrlar;gu'lardla;ttlce., _the tﬂ“a”“%m Iluciuat'or[tield is applied along the axis, CsCuGJ undergoes a phase
plays an important role in determining the spin Sructure ok, o qiiion a4, ~ 12 T accompanied with a small magneti-

the ground state. The quantum fluctuation can remove th?ation jump?*ﬁ'lzNikuni and Shib& demonstrated theoreti-
continuous degeneracy of the ground state. In the spin wavg,y that the field-induced transition arises due to competi-
theory which represents the spin system as a harmonic 0sCiip hetween the small easy-axis anisotropy and the quantum
lator, the quantum fluctuation is expressed by zero-point 0sfyctuation, and that the umbrella structure stabilized by the
cillation. Since the zero-point oscillation ene@b%ﬁw(Q) easy-axis anisotropy changes to the high-field coplanar struc-
depends on the spin structure, one spin structure with thaure illustrated in Fig. (c), skipping structuresa) and (b).
lowest zero-point oscillation energy can be stabilized. TheTheir theory was confirmed by a neutron scattering experi-
zero-point oscillation energy varies with the magnetic field,ment in pulsed high magnetic fieldsdowever, the experi-

so phase transition can occur in magnetic fiélds. mental realization of the quantum-fluctuation-assisted pla-
The magnetization process in the 2D Heisenberg TAF hateau at; M4 has not been reported to date.
been investigated theoretically by many autiborisit was Cesium tetrabromocuprdte) Cs,CuBr, has an ortho-

demonstrated that the up-up-doviud) spin structure illus-  rhombic structure with space grolgnmat®! Figure 3a)
trated in Fig. 1b) is stabilized in a finite field range, so that shows the perspective view of the crystal structure along the
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FIG. 2. Schematic magnetization curve for the 2D Heisenberg FiG. 4. Magnetic susceptibility and inverse susceptibility in

triangular antiferromagnet.

b axis. Thin solid lines denote the chemical unit cell. Thes 2+
structure is composed of Cupr tetrahedra and Csions.

Cs,CuBr, as a function of temperature fét parallel to theb axis.

ions with spins form a distorted triangular lattice in
the bc plane. Little is known of the magnetic properties of

The tetrahedra are linked along tbeaxis. Because of the Cs,CuBr,. Since the magnitude of spin i and the ex-
Jahn-Teller effect, the CuBT tetrahedra are compressed change interactions, andJ, should be antiferromagnetic as

along the axes perpendicular to thexis. Figure 8) shows
the arrangement of the CufBr tetrahedra in théoc plane.
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FIG. 3. (a) Perspective view of the crystal structure o}, CaBr,

observed in the isostructural §3uCl,,}” a magnetic behav-
ior caused by the interplay of the spin frustration and the
quantum fluctuation is expected to occur in,CseBr,. As
described below, the magnetization plateau was observed.

Il. EXPERIMENTAL PROCEDURES

Single crystals of CGs&CuBr, were grown by the slow
evaporation of agueous solution of CsBr and GuBr the
mole ratio 2:1. We also prepared single crystals by the Bridg-
man method from the melt of a mixture of CsBr and CuBr
sealed in an evacuated quartz tube. The crystals obtained
were identified to be GE€uBr, by x-ray powder diffraction.

The crystal was cleaved along the (0, 0, 1) plane. The rela-
tionship between the crystal shape and the principal axes was
checked by neutron diffraction. On the (0,0,1) and
(0, 1, 1) planes of crystals, many lines parallel to shexis
were observed. The specific heat measurements for a single
crystal of CsCuBr, were carried out at RIKEN down to 0.5

K in magnetic fields up to 12 T using the microcalorimeter
Oxford Instruments Mag Ldly in which the relaxation
method was employed.

The magnetizations were measured at TIT down to 1.8 K
in magnetic fields up to 7 T using a superconducting quan-
tum interference device magnetomet@uantum Design
MPMS XL). The high-field magnetization measurement was
performed using an induction method with a multilayer pulse
magnet at the Ultra-High Magnetic Field Laboratory, Insti-
tute for Solid State Physics, The University of Tokyo. Mag-
netization data were collected 8t=0.4, 0.65, and 1.6 K in
magnetic fields up to 35 T.

Ill. RESULTS AND DISCUSSION

parallel to theb axis. Shaded, closed, and open circles denote Figure 4 shows the magnetic susceptibiltyH and the

Cs", C/*, and Br ions, respectively(b) Arrangement of the

CuBr~ octahedra in théc plane. C$ ions are omitted.

inverse susceptibility in GEuBTr, as a function of tempera-
ture measured ai=1.0 T for H||b. With decreasing tem-
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FIG. 5. Low-temperature magnetic susceptibilities in@sBr, FIG. 6. The total specific he& in Cs,CuBr, measured at zero
for H parallel to thea, b, andc axes. field.

perature, the susceptibility increases rapidly and has a broad Figure 6 shows the total specific hgatin Cs,CuBr, at
maximum atT ..~ 9K, which is characteristic of the low- zero field. The\-like anomaly indicative of phase transition
dimensional antiferromagnetic spin system. However, the inis observed afy=1.4 K. The ordering temperaturig, for
verse susceptibility is a convex function of temperature andCs,CuBr, is more than twice as high aBy=0.62 K for
has no linear part obeying the Curie-Weiss law. This suscefisostructural CgCuCl,.*® Figure 7 shows the specific heat
tibility behavior was also observed fdi|a and H|c. As  measured at various magnetic fields ftfa, H||b, andH||c.
shown below, this is not due to the dominant exchange interFor H||b and H||c, the transition temperatur, decreases
action being ferromagnetic. monotonically with increasing magnetic field, while for

To understand the magnetic properties of@Br,, it is Hlja, Ty decreases up to 8 T and then increases. In Fig. 8,
important to consider the crystal field acting on’Cwand its  the phase transition temperatures determined from the spe-
orbital state. The electronic ground state of the?Cion  cific heat measurements are plotted.
with the 3d° configuration is?D. In a cubic tetrahedral crys- Figure 9 shows the magnetization curves measured at
tal field, the electronic ground state splits into triply degen-=0.4 K for H||a, b, andc. The data were taken in sweeping
erateT,y and doubly degeneratg, states. Thd ,4 state has  up magnetic field. Due to the mechanical noise inevitable in
a lower energy. In the presence of the additional tetragonahe pulsed high magnetic field measurement, the data taken
crystal field due to the tetragonal distortion of the nyBr in sweeping up and down the magnetic field do not coincide
tetrahedron and the spin-orbit coupling, thg, state splits ~ with each other. However, intrinsic hysteresis was not ob-
into three states. The ground state is nondegenerate, so trggrved in the magnetization curves. The magnetization satu-
the orbital moment is quenched. Consequently, the magneti@tes aHs~30 T. The value of the saturation magnetization,
moment is approximately given by spin only, i.6=3, which is slightly larger than kg, is consistent with the con-
which can be confirmed from the value of saturation magnedlition that the orbital moment is quenched, and the magnetic
tization Mg~1ug, as shown below. However, in general, moment is approximately given by spin only. Thus the low-
splitting energy between the ground state and the two excitettmperature magnetic properties of,CaBr, can be de-
states is not much greater than room temperature, in contras¢ribed by a spiry- Heisenberg model with small anisotropy.
to the case of the octahedral crystal field for which splittingThe differences between the absolute values of the saturation
energy is of the order of #0K. Although we do not know fields and the saturation magnetizations for the three differ-
the details of splitting in the present system, we consider thagnt field directions should be due to the anisotropy ofghe
the rapid decrease of the magnetic susceptibility with temfactor.
perature arises from the contribution of the excited orbital The magnetization curve fét| a is monotonic up to satu-
states, which suppresses the effective magnetic moment. ration, while the magnetization curves fdi{b andc have a

The low-temperature susceptibilities fbf|a, H|b, and plateau at approximately one-third of the saturation magne-
H||c are shown in Fig. 5. The susceptibilities for these thredization Mg. The inset in Fig. 9 showslM/dH versusH
different field directions exhibit similar temperature varia- around the magnetization plateau felfb and H|c. The
tions. No anomaly indicative of phase transition was ob-evel of the plateau is exactliM 43 for H|b, while it is
served down to 1.8 K. The differences between the absolutslightly lower thanM 43 for H|c. The plateau region is nar-
values of the three susceptibilities are due to the anisotropsow, and its field range is about 1.5 T fbfb and 1 T for
of the g factor. The value ofT ;=9 K for Cs,CuBr, is Hllc. Figure 10 shows the magnetization curve aid/dH
about three times as large d%,,~3K for isostructural versusH for H||b measured in magnetic fields up to 20 T.
Cs,CuCl,.*® This implies that the exchange interactions in Since the highest field is 20 T, mechanical noise and the
Cs,CuBr, are larger than those in g3uCl,. increase of temperature are significantly suppressed, so that
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FIG. 7. The total specific he&& in Cs,CuBr, measured at various magnetic fields farH||a, (b) H||b, and(c) H||c. The values of the
specific heat are shifted upward by 2mol K with increasing external field.

the plateau is clearly observed. Since the field derivative of Since the ordering vector is given by ca€l)
magnetizatiordM/dH exhibits sharp peaks at both edges of =—J,/(2J,), we havel,/J;=0.467 for CsCuBr,, which is
the plateau and has no tail in the slope region, the transitio@.67 times as large ak /J;=0.175 for CsCuCl,. This im-
between the slope and the plateau regions appears to be gifes that CsCuBr, is more frustrated than ¢8uCl,. The
the first order. We also measured the magnetization processagnetization curve for GEuBr, was measured by Coldea
atT=1.6 K which is higher thaiTy,. No magnetization pla- et al,*® but the presence of the plateau has not been reported.
teau was observed, as shown in Fig. 11. Thus we can con- The magnetization curves for g€3uCl, and CsCuBr,
clude that the plateau exists only in the ordered phase.  have convex slopes belos. This behavior is characteristic
Next we discuss our present results. The magnetic propsf a low-dimensional antiferromagnet. However, the curva-
erties of isostructural GEuUCl, have been extensively inves- ture of the convex slope for G8uBI, is larger than that for
tigated by magnetic susceptibility and neutron scatteringCs,CuCl,. This result suggests that the two dimensionality is
experiments®* Cs,CuCl, undergoes a magnetic phase better in CsCuBr, than in CsCuCl,. Thus we deduce that
transition atTy=0.62 K.1° In the ordered phase belo¥y, the magnitude of the interlayer exchange interaction is
spins lie in a plane that is almost parallel to theplane and  smaller than 102x J; also in CsCuBr,.
form a helical incommensurate structure with ordering vector When the interlayer interaction and the small anisotropy
Qo=(0,0.528,0)%° The incommensurate spin structure arisesenergy are neglected, the saturation fielglis given by
from the spin frustration on the distorted triangular lattice
in thebc plane[see Fig. 8)]. By means of neutron inelastic ~ gugH={J(Q,)—J(0)}S
scattering." 1% it was demonstrated that the exchange inter-
actionsJ; and J, are dominant and interlayer coupling is _ _ _
smaller than 102X J;. Thus CsCuCl, was characterized as 205{1= codmQo)} +J1{1~ cod2mQo)}
a quasi-two-dimensiondRD) frustrated spin system.
Because the crystal structures of,CaBr, and CsCuCl,  where J(Q) is the Fourier transform of the exchange
are the same, we can expect tha@sBr, is also a quasi-2D  interactions>?%and is given by
frustrated spin system. Quite recently, we performed neutron
elastic scattering in GEuBT, for the scattering vector in the J(Q)=—4J,cod mQ)—2J, cog27Q) 2)
a*b* plane?! The magnetic Bragg reflections were observed
at Q=(h,k+=0.575,0), with integer values df andk. This  for Q=(0,Q,0). Here we define the exchange constant as
indicates that the spin structure in the ordered phase of(=X ;\J;;(§ - §)). Inserting Qy=0.575,J,/J,=0.467,
Cs,CuBry is a helical incommensurate structure with order-and gH,~63 T obtained in the present measurements into
ing vectorQy=(0,0.575,0), similar to GEuCl,. Eq. (1), we obtainJ, /kg=27.8 K andJ,/kg=13.0 K.
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FIG. 9. Magnetization curves for @SuBr, measured afl
=0.4 K for H||a, H| b, andH||c. The values of the magnetization
are shifted by 0.45. The inset showsiIM/dH vs H around the
magnetization plateau fdd|b andH||c.

According to the classical molecular field theéfy® a

transition from a helical spin structure to a fan structure can
occur when an external field is applied in the easy plane. The
helix-fantransition is accompanied by a jump in magnetiza-
tion, and not by the plateau. Examples of this include the
recently observed phase transition in RbGu@r a mag-
netic field perpendicular to the axis?*2® At low tempera-
tures, RbCuGl has a monoclinic structure, which is closely
related to the crystal structure of CsCy&{?8The exchange
interaction along the axis is ferromagnetic, and interactions

0.45 — 12
Cs,CuBr, X o
0401 =04K e 8 =
—_ H || b-axis a
& I
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Q 035 4 o
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FIG. 8. Magnetic field vs temperature phase diagrams for

Cs,CuBr, for (a) H|a, (b) H||b, and(c) H||c. The gray lines are the

guides for the eyes.

FIG. 10. The magnetization curve addi/dH vs H for H|b

measured in magnetic fields up to 20 T.
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0.7 Cs,CuBr, may be described by th®= 3 quasi-2D distorted
Heisenberg TAF, similarly to GE€uCl,, we infer that a mag-
netization plateau is produced by the mechanism similar to
that for the spiny Heisenberg TAF. Therefore, we suggest
that in the present system, thed spin structure or closely
related structure is realized at the plateau with the help of the
quantum fluctuation.
The magnetization processes fdltb andH|c are almost
the same. This result indicates that the spin configurations in
magnetic fields for both the field directions are almost the
same. Thus we can deduce that the magnetic anisotropy in
the present system may be of the easy-plane type to confine
spins in thebc plane, similarly to CgCuCl,. The possible
10 12 14 16 18 20 .. - . . . .
origin of the anisotropy is the anisotropic exchange interac-
HT] tion of the formAJS'S; and the dipole-dipole interaction.
FIG. 11. The magnetization curves fdiflb andH|lc measured ~ The magnitude ofAJ could not be evaluated within the
atT=1.6 K. The values of magnetization are shifted by . present measurements. ESR measurements are needed, be-
causeAJ can be evaluated from the zero-field gap of the
in thec plane are antiferromagnetic, as observed in CsquCl ESR modes in the ordered state as has been done in
Due to the crystal distortion which breaks the hexagonalCsCuC}?® and RbCuGJ.?*
symmetry, the exchange network in tbg@lane in RbCuG The classical magnetic susceptibility feir perpendicular
is described by the same model as shown in F{§).3~or  to the helical plane is somewhat larger than thatHopar-
this reason, RbCuglhas an incommensurate helical spin allel to the helical plane except for the 126tructure for
structure characterized by ordering vec®@y=(0,0.5985,0)  J;=J,.%% Thus the umbrella structure illustrated in Figd)L
below Ty~19 K.? The helical spin structure in theplane s stable forJ;#J,. The anisotropy of the easy-plane type
is similar to those observed in &3uBr, and CsCuCl,. In  does not prefer the collineamd structure along tha axis.
RbCuCk, no field-induced phase transition is observed forWe infer that in the present system, the difference between
H|lc, in contrast to CsCuGl In RbCuC}, the quantum fluc- the total classical energy for the umbrella structure and those
tuation appears to be less important. for the structures illustrated in Figs(dl—(c) overcome the
In the classical Heisenberg TAF with easy axis anisotropygdifference between the quantum fluctuation energies for the
a magnetization plateau can existMt/3 when an external latter structures and that for the umbrella structure, so that
field is applied along the easy axfsin the plateau region, the magnetization plateau fét|a is absent.
the collinearuud spin structure along the magnetic field is  As seen in Figs. 9 and 10, the transition between the slope
stabilized by the easy-axis anisotropy. However, the magneegion and the plateau region appears to be of the first order.
tization curve has no plateau when an external field is perThis suggests that the ordering vec@y varies discontinu-
pendicular to the easy axis. The plateaus due to this classicalisly at the transition field. As previously mentioned, the
mechanism have been observed in RbFe(ly)jgOand spin structure foH<H.; was found to be a helical incom-
CsFe(SQ), with S=3,3! and GdPgAl; with S= £ .32 mensurate structure and ordering vector is given Qyy
In the classical 2D Heisenberg &Y TAF, the thermal =(0,0.575,0) at zero fieltt We infer that in the plateau
fluctuation can stabilize thaud spin structuré®=>® Conse-  state, the spin structure is locked into the collinead struc-
guently, the magnetization curve can have a platedd /3. ture. The spin structurkl .;<H<Hg may be an incommen-
However, the plateau is smeared and not completely flat dusurate fan structur®. Therefore, we suggest that the succes-
to the finite temperature effect. With decreasing temperaturesive helix-uud-fantransition occurs with increasing magnetic
the field range of the plateau decreases and vanish@&s atfield for H||b andH|c. Recently, Jacobs and Nik#hicom-
=0, because the thermal fluctuation is reduced. mented on the possibility of this transition scenario. It is of
Since the magnetization plateau in,CsBr, is clearly  great interest to investigate the magnetic field dependence of
observed for two different field directions a&=0.4 K, the ordering vector and spin configuration by neutron scat-
which is much lower thaffy= 1.4 K, the plateau cannot be tering.
interpreted in terms of the classical model. Thus the magne- Coldea and co-worket5™® obtained the magnetic field
tization plateau should be attributed to the quantum effectversus temperature diagram for,CsiCl,. They showed that
As mentioned in Sec. |, in th&=3 Heisenberg TAF, the for H|c, the ordered phase vanishes before reaching satura-
quantum fluctuation removes the continuous degeneracy dion, and that the spin state between the ordered state and the
the ground state spin configuration in the magnetic fieldsaturated state is a spin liquid, while the phase boundary for
which is not possible in the classical approach, and stabilizell||a is continuously connected to saturation and there is no
the uud spin structure in the finite field range to produce aanomaly on the phase boundary. In,CsBr,, the phase
plateau atV 43.27° In the 2D TAF, the plateau is more en- transition was clearly observed up to 12 T, irrespective of the
hanced, because the quantum fluctuation is more effective imagnetic field direction. In order to check the presence of the
2D TAF than in 3D TAF. Since the magnetic properties ofordered phase foH>12 T, specific heat measurements in

0.6

0.5

0.4

M [1g/Cu®']

0.3

0.2
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high magnetic fields are necessary. As shown in Fig. 8, theummarized in Fig. 8. The magnetization plateau was ob-
phase boundary foH|a exhibits the bend anomaly at served at approximately one-third of the saturation magneti-
(Tm» Hw)=(1.3 K,8 T). This behavior suggests that the zation forH|b andH|c, while no plateau was observed for
point (T,,,H,,) is a multicritical point at which several phase H|a. The plateau should be attributed to the interplay of spin
boundaries meet. However, the anomaly indicative of thdrustration and quantum fluctuation. The transition to the pla-
additional phase transition was not observed in the presem¢au state appears to be of the first order. We suggest that the
measurement. Precise measurements arolipd H,,) are  successivehelix-uud-fantransition occurs, with increasing
needed. magnetic field forH||b andH|c.
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