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Order-to-disorder transition in the XY-like quantum magnet CsCoCl,
induced by noncommuting applied fields
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We explore the effects of noncommuting applied fields on the ground-state ordering of the quasi-one-
dimensional spin} XY-like antiferromagnet GE£oCl, using single-crystal neutron diffraction. In zero-field,
interchain couplings cause long-range order belqus 217(5) mK with chains ordered antiferromagnetically
along their length and moments confined to thec] plane. Magnetic fields applied at an angle to ¥
planes are found to initially stabilize the order by promoting a spin-flop phase with an increased perpendicular
antiferromagnetic moment. In higher fields the antiferromagnetic order becomes unstable and a transition
occurs to a phase with no long-range order in thec) plane, proposed to be a spin-liquid phase that arises
when the quantum fluctuations induced by the noncommuting field become strong enough to overcome order-
ing tendencies. Magnetization measurements confirm that saturation occurs at much higher fields and that the
proposed spin-liquid state exists in the region 2Hy <2.52 T|ja. The observed phase diagram is dis-
cussed in terms of known results &Y-like chains in coexisting longitudinal and transverse fields.
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I. INTRODUCTION a=x,y,z, are the usual spin operators for sgipnand the
applied field term does not commute with the exchange
A promising area for the study of zero-temperature quanHamiltonian [ Hyx(A), Happ]#0 for |A|#1 and B*#0.
tum phase transitions is that of quantum spin systems imndeed, the system we shall study,CsCl,, is an excellent
noncommuting applied magnetic fieliSuch noncommut-  realization of Hyx,(A), where A=0.25, and therefore

ing terms introduce quantum fluctuations into tie=0  should be well approximated by the famoX¥ model (A
ground state which, for large enough fields, can completely_ 0)3

disorder the system. Such a situation has been studied in 1o physics of theHyy,(A) model atA=0 is well
considerable detail in the three-dimensional Ising ferromagg 0.1 in the absence oféﬁnagnetic field iIBX=B%=0. It
pet I.‘iHOF.“ in a'transfverse magnetic fie?d—]ow'ever, due tq is that of a 1D noninteracting Fermi gaé as’shown by the
its high dimensionality, the system behaves in a rnean'f'eld\']ordan-Wigner transformatidriThe effect of a field along,

like way. In this paper we consider a one-dimensidi)

guantum magnet and the effects of a noncommuting field OFF;&O (commuting, is wrivial it acts as a chemical potential
its ground state and changes the filling level of the fermions in the chain,

The scenario that we investigate experimentally is that of?dUcing magnetization along Below a critical field,BE,
the 1D spin} XXZ model[Hyxx(A)] in @ noncommuting representing the field of complete saturation of the chain, the

field (Happ), given by the Hamiltonian excitation spectrum remains gapless andTiked correlation
functions fall algebraically as power laws. In contrast, the
H=HyxAA)+Happ, (1)  physics for the case of a field alomgB*+#0,B*=0, is nei-
ther trivial nor widely known.
where The action of noncommuting fiel8* on Hyy»(0) has

been considered theoretically by Kurmaenal>® From
H A)=]J S+ Y. ASS ), 2 these st_uqlles it was found that the in-plane field has two

xxz(8) 2i"( St ST ASSL), (@) effects:(i) it breaks the (1) symmetry of thexXY model to a
lower, Ising-like, symmetry which brings the ground state to

long-range ordefLRO) at T=0 into a spin-flop-type Nl

HAPP:Z B*S'+B’S, 3 state. In fact at a special couplinB*=+/2J, the spin-flop

Neel state is the exacf=0 ground state(ii) The second
J>0 is the antiferromagneti¢AF) exchange constant, and effect is to introduce quantum fluctuations into the system.
A<1 is the anisotropy parametéa g, ,up factor is incor- At high fields this causes a phase transition to occur where
porated in the magnetic fiel®*?). The operator$®, where the fluctuations become large enough to destroy the LRO
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Algebraically Exact Neel Ground State confirms that the saturation field is higher still, and
decaying correlations (No Long (Near full spin that the proposed spin-liquid phase exists in the region
Range polarization 2.10<Hg <2.52 T|a.
(Long Range Order) Order) along field ) An extended discussion of our results is given in Sec. IV.
Spin Flop Phase S.L. | Saturated Phase The observation of commensurate orddr=(0,3,3)] in
+ .+ =TT Cs,CoCl, is related to the effective Ising-type interchain
0 15 > coupling(Sec. IV A) and compared with the quasielastic re-

sults of Yoshizawaet al.” A microscopic study of the order-
ing is presented in Sec. IV B based on a mean-field analysis
of the ground-state energy. The magnitude of the ordered
Increasing Transverse Field (unitsof J) ———» moment is established in Sec. IV C. Finally, in Sec. IV D the
magnetization curve is critically examined and compared

FIG. 1. Schematic representation of the phases of the groungith known results for anisotropic spin chains in noncom-
state of theXY model as a function of applied transverse field asmuting applied fields.

proposed by Kurmanat al. (Refs. 5 and B(see text for detai)s In

the absence of a field the correlation functions decay as a power

law. Small magnetic fields induce perpendicular long-range-ordered Il. EXPERIMENTAL DETAILS
antiferromagnetism and the ordering is characterized as a spin-flop
phase. At a fieldy2J the classical Nel state is the exact=0
ground state. The antiferromagnetism is rapidly suppressed at C$COCl, has been proposed as a spinquasi-1D
higher fields by the quantum fluctuations induced by the noncomXY-like antiferromagnet with chains running along theli-
muting field. Above about 1Blong-range order is destroyed by rection. Heat-capacity measuremérgsowed a broad maxi-
these fluctuations and the ground state is characterized as a spimum (characteristic of low-dimensional systenaoundT

liquid (SL) state with exponentially decaying correlations in the =0.9 K and the overall temperature dependence agreed well
spin components perpendicular to the field. Above a crossover fielgyith numerical predictior?sfor a S:% XY-like AF chain

of about 2J nearly all the spin moments are aligned along the fieldwith exchange coupling=0.23(1) meV. A small lambda-
direction and the physics here is characterized as a saturated phaggre anomaly observed in the specific healTgt222 mK

L S was interpretetias indicating a phase transition to a mag-
altogether. Th'? disordering field is below that where th? Sys.hetically ordered phase caused by small couplings between
Feref o - Hion throudh hains. The in-plane magnetic susceptiblfi also indi-
therefore a nontrivial quantum phase transition throug Qated magnetic ordering below 222 mK and the temperature
guantum critical point with the noncommuting field asacon'dependence between 40 mK and 4.2 K was in excellent

trol parameter. Figure 1 shows a schematic outline of theégreement with numerical calculations for AEXZ chains
physics of theXY model in a transverse field. with A=0.25 in Eq.(2)

The theoretical studié$ suggest that this behavior is ge- Quasieiastic netjtroﬁ-scattering experimbsstowed that
neric to a wide class of magnets in noncommuting fields, an%etweenTzo 3 and 0.6 K the critical scattering of {&oCl,
a disordered spin-liquidSL) phase is expected for al is sheetlike perpendicular to theaxis, thus confirming the

HXXZ('%' #1) in gq'.(dl)' Spén;'ql#]d phases SltJ.Cn az this are proposed quasi-1D character of the magnetic properties. In-
genera’ly gappedevidenced by the exponentiaty decaying terestingly, the critical scattering is driven partly to incom-

correlations in t_he zero-temperature ground 3tatel there- ensurate positions due to competing interchain interactions.
fore robust against small perturbations. We therefore expe hose earlier diffraction experimefitsoncentrated on the

:Eg Sgﬁggo%f f?ggzeim:?ndl IQL?rﬁgfltg gﬁ:ﬁ“ggtﬁzirmol?;fma_critical scattering at temperatures above the ordering transi-
9- 9 q tion of 0.22 K inferred by macroscopic measurements. As the

tive content. L . . .
. . ordering in this material promises to have some unusual and
In this paper we present a detailed study of the ground- g P

tat deri £ th DX Y-lik it t challenging features, we undertook detailed neutron-
swate ordering o € quasl- “lIKe antiterromagnet i ction experiments to determine the magnetic structure
Cs,CoCl, in noncommuting fields from zero to well above

; . ) . nd the behavior in applied noncommuting magnetic fields at
saturation. The crystalline and magnetic properties o

. . i emperatures much below the proposed ordering transition of
Cs,CoCl, and the experimental tool of neutron diffraction 0 22pK prop g

will be !ntroduced in Sec. Il. . Cs,CoCl, crystallizes in the orthorhombi@nd nonsym-
Section Il presents the observed commensurate magnet

: 16 12
structure and its field dependence. The structure is that g orphig space grougPnma (D, No. 62.~ The crystal

magnetic chains which are ordered antiferromagneticalch'trucwre is shown schematically in Fig. 2. The lattice param-

. ; i eters at 0.3 K ard’ a=9.71 A, b=7.27 A, andc
along their lengths with ordered moments lying in thed) o T =g
plane. The experimental results show that an applied field 1273 A. The magnetic ions, éb W'tﬂ spin S=3, oc-
initially further stabilizes the ordered structufepin-flop  CUPY Site 4 in the unit cell at positioris'
phase, but as the field increases, fluctuations induced by

T=0 quantum phase transition

A. Properties of Cs,CoCl,

field noncommutation cause a sharp transition to a new phase 1. (0.235,0.25,0.422
which we propose to be the spin-liquid phase discussed
above. Study of the ferromagnetic componégéec. 11l D) 2. (0.735,0.25,0.078
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spins onto the lowest-lying doublet ¢f 3) states gives an
effective spiny Hamiltonian with X Y-like exchangeHyx»
in Eq. (2) with A=0.25.

Rotations of the CoGltetrahedra in the unit cell lead to
different orientations of thexXY easy plane between sites
(1,9 and (2,4 and give theb axis as the only common
in-plane direction for all sites. The main distortion of the
CoCl, unit from a perfect tetrahedron is due to one of the
four CI™ ions being rotated by several degrees aroundbthe
axis with respect to the central €0 ion and previous
studied® proposed that the normal to theY easy plane £
axis) bisects this large angle. This gives thaxis direction
(sinB,0,cosB) on sites(1,3) and (—sinB,0,cosB) on sites
(2,4) with B=—38.8°. The shaded rectangular planes in Fig.
2 show theXY planes in this case. Another possibility is that
thez axis is along the vector connecting the centraf Cimon
with the CI” ion rotated most, and in that cage= +19.4°.

B. Experimental method

A high-quality 6.45 g single crystal of G8oCl, was
grown from solution. The crystal was aligned with itsk0)
plane in the horizontal scattering plane and was cooled to
temperatures betweeh=80 and 250 mK using an Oxford
Instruments dilution refrigerator insert placed inside a verti-
cal 7 T superconducting magnet.

_ Neutron-diffraction measurements were made at the
ﬁahn—Meitner Institut in Berlin, Germany. The two-axis
crystal diffractometer E6 was employed with an incident en-
ergy of E;=14.72 meV and with a pyrolytic graphit®G)

3. (0.765,0.75,0.578 monochromator in double-focusing mode to increase the
neutron flux at the sample position. The scattered neutrons
were counted in a 20° wide BFletector bank with position
sensitivity along the horizontal direction giving 200 chan-
nels. This gave an angular resolution of 0.1° in the total
Neighboring spins interact via a superexchange interactioscattering angle @. The intensities of nuclear and magnetic
involving a bridge of two CI ions with the path Bragg reflections were measured as a function of bdh 2
C&?"-CI™-Cl™-Cc®". The shortest CI-CI~ distance is be- and the sample rotation ang¥e, thus constructing full two-
tween neighbors along the axis separated by 3.63 A . As dimensional(2D) maps of the scattering intensity in the
this is close to twice the ionic radius of Cl a sizeable overlap(V,20) plane. This allowed simultaneous coverage of both
of electron wave functions contributing to the exchange in-magnetic signal and background. Typical counting times
tegral is expected. were 5 min per 2D map to determine the total integrated

Among other possible exchange paths dye between intensity, and 40 s for a@ scan at the peak center to extract
sites 1 and 2d¢-.c-=4.05 A),J,, between sites 1 and 3 the peak intensity. A two-dimensional Gaussian with adjust-
(dg-.c-=4.04 A), and J,. between sites 1 and 4 able rotation of the main axes of the ellipsoid gave a good
(de-.c-=4.01 A). Since the overlap of the electronic account of the observed peak line shapes in Hotand 20,
wave functions decreases very rapi¢ipproximately expo- and the intensities of the Bragg reflections were obtained
nentially) with distance, these exchange paths are expectefilom least-square fits to the experimental data to reduce the
to yield much smaller interactions than the couplihglong  sum of discrepancieg?.

b such that C&CoCl, can be regarded as a system of weakly

FIG. 2. Crystal structure of GEoCl,. The figure shows 12
CA®" ions, each surrounded by a distorted tetrahedron ofi@hs.
The CG* ions interact mainly via an AF superexchange interaction
J along theb axis, forming AF spin chains which interact weakly
via superexchange interactiodgy,, J,., andJy. as explained in
the text. The shaded rectangular planes indicate possible orient
tions of theXY easy planes following Ref. 15.

4. (0.265,0.75,0.922

COUpled Spin chains along thoeaxis. 1Il. EXPERIMENTAL RESULTS
Each C3&' ion is tetrahedrally coordinated by ClI . . .
ligands. Small distortions from a perfect tetrahedron lead to a A. Magnetic order in zero field

splitting of theS=2 orbital singlet state into two Kramers Upon cooling belowTy=217 mK extra Bragg reflec-

doublets with a separatio™®=1.3(1) meV. The magnetic tions were observed at the commensuraten{@.5m
exchange energy is much lower than the interdoublet separa- 0.5) reciprocal-lattice positions with andm integers, in-

tion and therefore only the lowest-lying doublet states pardicating a transition to a magnetically long-range-ordered
ticipate in the low-energy dynamics at low temperaturés ( state. Figure 3 shows the temperature dependence of the
<D). Projecting the Heisenberg exchange between the trug0,0.5~1.5) AF reflection showing the onset of order below
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50 T T T T (a) (b)
E Cs,CoCl, b c-axis A1-domain 4 caxis B1-domain
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FIG. 3. |Integrated intensity of the antiferromagnetic (c) (d)
(0,0.5-1.5) reflection vs temperature in zero external field. Inten- 4 c-axis A2-domain 4 caxis B2-domain
sity units are the same as in Table I. The solid line is a guide to the
eye. The inset shows the Bragg-peak intensity as a functiob of o o7 =8 o
(left) and 20 (right) at temperatures belo(olid circles and above
(open circleg the transition temperaturBy=217 mK. Solid lines //6’7 « & 7
come from a two-dimensional fit to the data in the,2®) plane as oy Jay So_ ey o
described in the text.
= ~Sa <= ~Sa
Tn. The extracted transition temperatufg=217 mK is /:‘7 o g 7
consistent with that inferred from specific-heat and suscepti-| Jy. de |4, ‘
bility measurement$* ) & = , =7 “
The observed magnetic reflections are associated with | we 3:] ~ey o ¥ [~ey
magnetic ordering wave vect&r=(0,3,%). To determine the
magnetic structure we first used group theory to identify the |~a s baxis |3 ‘s b-axis

> >

spin configurations consistent with the wave vedtdor the
given crystal symmetry, and second, we compared the struc- FIG. 4. Magnetic structure of GEoCl,. Spins (indicated by
ture factor of possible spin configurations with the experi-arrows order antiferromagnetically along chaifghown by dashed
mentally observed magnetic Bragg-peak intensities. lines in(a)]. Ordered moments are contained in thec) plane and
The group-theory analysis and determination of themake a small angle with thle axis (see text for detai)s Relative
symmetry-allowed basis vectors are presented in therdering of the chains leads to degenerate dom@nsd) belong-
Appendix. After comparison of the data with the possibleing to the same irreducible representatib with eigenvectors
eigenvectors, we find that the observed structure belong&ven in Eq.(A5). Labels 1-16 ina) indicate the 16 spins in the
to the I''? irreducible representation with eigenvector magnetic unit cel(1-4 label the four atoms in the chemical unit
¢10 given in Eq.(A5). This eigenvector has six degrees of ceI_I shown in Fig. ?_ Solid and open circles are €o iqns with
freedom corresponding to the three components of the mdleight along thea axis close to 0.25 and 0.75, respectively.
mentsm; and ms. Using spherical coordinates these can be
written as m;=Mj(sin¥;,cos?, cos¢,,cosd; sing;) and We find that the measured Bragg intensities can be con-
mM3= M 3(sin93,c0s¥3COS¢h3,cOsV3Singhs). For &;;=0,  sistently described by an equal population of A and B do-
spins are in thel{,c) plane and¢ is the azimuthal angle mains of''°. The best fit of the model to the magnetic in-
with the b axis. tensities(for detalls see the Appendiis shown in Fig. 5 and
Figure 4a) shows a pictorial representation of thg® in Table I, and gives a good description of the experimental
eigenvector in Eq(A5) in the special case of ordered spins data. A single-domain structure of either A or B type as de-
contained in thelg,c) plane, making a small angle with the fined in the Appendix and shown in Fig. 4 is unable to ac-
b axis (¢,=— ¢3) and having equal magnitude on all sites count for the results.
(Im4|=|ms|). The structure can be described in terms of Assuming spin moments confined to the,¢) plane
antiferromagnetic chains alodmwith a certain ordering pat- (¥;=93=0) and equal ordered moments on all sites
tern between adjacent chains. Starting with the basic strud{m;|=|ms|) the best-fit results arep;=15(5)°, ¢z3=
ture shown in Fig. @) other distinct domains shown in Figs. —15(5)°, and afraction of A domaina=0.48(3) with the
4(b)—4(d) can be constructed by changing the sign of eithersum of discrepancieg®=2.55. The obtained value fou
the b- or the c-spin components, or the relative phase be-~3 demonstrates that domains A and B occupy the sample
tween chains 1 and @or details see the Appendix in equal parts. It will be shown in Sec. IV B that those two
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(2]
o

T T T T T T T T TABLE I. Experimentally observed magnetic Bragg-peak inten-
@) O  Experiment ' sities compared to the calculated intensities based on the model
50 F Model & 'd,}_’ 4 explained in the text. The magnetic Bragg reflections are in the
% T_80mK 15 b order of decreasing observed intensity. A visual comparison be-
gl - ! tween experiment and model is made in Fig. 5.

10—

I (rlu.)

Number Q=(h,k,I) Experimental Calculated

Integrated intensity (per ~5 min.)

i o8y 117 intensity intensity
6 1 (0,05,1.5 55.1(1.8) 51.4
2 (0,-0.5,-1.5 49.41.9 51.4
Bk 3 (0,05-1.5 42417 44.8
4 (0,-0.5,-4.5 16.21.5 15.1
5 - v 5 (0,05,-4.3 15.51) 15.5
0 5 10 15 20 25 30 35 40 45 6 (0,0.5,0.5 12.1(1.4) 9.7
Peak number 7 (0,1.5,15 10.40.9 10.1
8 (0,0.5,-0.5 10.30.6) 8.1
FIG. 5. Experimentally observed integrated magnetic Bragg- 9 (0,1.5,-1.5 10.10.9) 8.4
peak intensitiegopen circles fitted to the model for the magnetic 10 0 ' 1 5 45 9.90.2 10.1
structure described in the tessolid line). Intensity units are the 1 ((07_1.5,-_4 '5 9'1(0'2) 8é
same as in Fig. 3. The horizontal axis indicates the number of the e e '
Bragg peaks in the list given in Table I. Inset: Schematic diagram of 12 (0,-05,-33 7802 8.8
the (b,c) reciprocal space indicating the positions of magnetic 13 (0,-0.5,-2.5 7.50.4) 6.0
Bragg peakgsolid circle$ observed in the present experiment in 14 (0,0.5,-3.5 6.90.2) 8.0
the ordered phase beloWy=217(5) mK. Gray circles indicate 15 (0,0.5,-2.5 6.10.2 6.0
reciprocal-lattice positions in theb(c) plane and undulating solid 16 (0,0.5,-6.3 4.1(0.4) 35
lines mark the positions of the sheets of quasielastic magnetic scat- 17 (0,2.5,-4.5 4.000.2 4.3
tering observed in earlier experimer{Ref. 7) at higher tempera- 18 (0,1.5,-3.5 3.8(0.4) 41
tures (T>0.3 K) above the transition to the ordered phase. 19 (0,-0.5,-6.5 3.30.4) 3.4
domains have the same mean-field exchange energy and are 20 01525 2808 24
thus expected to occur with the same probability. Taking 21 0,2.5-15 2.50.4 2.2
out of the p,c) plane by choosing a series of nonzero values 22 (0,3.5-4.3 2404 18
for the out-of-plane anglé), and fitting 95 leads to worse 23 (02535 2.20.6 19
agreement with the observed intensities, so within the accu- 24 (0,1.5-05 2.00.6 0.84
racy of the experiment it was concluded that magnetic mo- 25 (03535 2.000.6 0.61
ments are mostly contained in thi,¢) plane. 26 (0,2515 1.90.9) 3.0
Figure 6 compares the temperature dependence of the re- 27 (0,15,-23 1.30.9) 2.0
duced intensityl/l11_g9 mx Of three AF reflections. Here 28 (0,2.5,-2.3 1.140.2 0.64
lt-g0 mk IS the observed intensity at base temperafiire 29 (0,-0.5,-5.3 1.140.9 12
=80 mK. The three reflections have essentially the same 30 (0,1.5,05 1.000.2) 1.1
temperature dependence, indicating that the magnetic struc- 31 (0,2.5,2.5 0.950.4) 0.8
ture is unchanged between 80 mK angl. 32 (0,2.5,-3.5 0.940.2 15
33 (0,0.5,-5.5 0.840.3 1.1
B. Magnetic order in applied field 34 (0,2.5,-2.5 0.790.6) 0.64
The effect of an applied field on the magnetic order was 35 (025,05 0(0.4) 0.40
investigated for fields along. A spin-flop phase arisdspins 36 (035,05 0(0.4) 0.18
cant out of the f,c) plane towards the field aXigvidenced 37 (035-15 0(0.4 0.83
by a perpendicular antiferromagnetic order coexisting with a 38 (0,4.5,-0.5 0(0.9 0.08
ferromagnetic moment along the field direction. Figure 7 39 (0,4.5-1.3 0(0.9 0.39
shows the field dependence of the (0,6.%,5) reflection 40 (0,4.5,03 0(0.4 0.09
measuring the antiferromagnetic component. The intensity 41 (0,45,1.5 0(0.4) 0.5
increases with increasing field, reaches a maximum around 42 (0,-1.5,-5.5 0(0.4) 0.8

H~1.4 T, and then it abruptly drops to zero &i.

=2.10(4) T in a sharp, near-first-order phase transition.

Throughout the spin-flop phase {H<H) the ordering \yas observed as shown in Fig. 7. At 3 T, no AF or incom-

wave vector was constant at the commensurate positiopyensurate reflections were observed along the symmetry di-

(0,,3). rection in the b,c) plane with an intensity larger than 1.5%
The transition atH. was measured both with increasing of the zero-field intensity of the strong (0,0-51.5) reflec-

and decreasing fields, and no measurable hysteresis effdgn, equivalent to half the average background level. The
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12 R 1.6 Cs,CoCl, T=80mK

10 i
< =
£ o8r !5
= I
o ost @ (005:-15) l = :
= O (0,1.5,1.5) ~
~ _ — os6f
— o4} @ (005-25) J A (0,15,15)

*r ¢ (0,05,0.5)
02 Cs,CoCl, (0,0.5,-1.5) H=0T 1 02t O (0,05-15)
0.0 0f4 ofs 018 - 0'Oo.o 015 170 1T5 2?0 25
T/IT, Magnetic Field (Tesla) || a

FIG. 8. Reduced integrated magnetic Bragg-peak interigity,
s a function of field for three AF reflections &80 K. The data
or (0,1.5,1.5) and (0,0.5,0.5) were measured with increasing
field, while most of the data for (0,0.5.1.5) were measured with
decreasing field as shown in Fig. 7. The solid line is a guide to the

FIG. 6. Zero-field reduced integrated intensity+_gy mk for
three AF Bragg reflections as a function of reduced temperatur
T/Ty. The solid line is a guide to the eye.

absence of magnetic Bragg peaks in thec] plane suggests

that the phase immediately above the critical field is a eve:

disordered phaséno LRO) stabilized by the applied mag- _ _ o _

netic fields, cf. the disordered SL phase in Fig. 1 zero-point quantum fluctuations by the applied field which
Figure 8 compares the field dependence of the reducedlows more of the available spin moment to order.

intensity!/1, of three AF reflections af=80 mK, wherdl, The effect of the applied field initially suppressing fluc-

is the zero-field integrated intensity. The field dependencéuations and stabilizing the antiferromagnetic order is even
coincides showing that the magnetic structure formed by th&ore pronounced at elevated temperatures where the zero-
antiferromagnetic moments in thé,€) plane is unchanged field moment value is further reduced by thermal fluctua-
throughout the spin-flop phase up to the critical figld. tions. Figure 9 shows that the antiferromagnetic moment in-
Furthermore, it shows that the initial increase in the AFCreases significantly in applied field to reach a maximum
Bragg-peak intensities is not due to a rearrangement of th@"ound 1.4 T and only at much higher fields it collapses in a
moments in a different spin configuration but arises from arsharp transition ai.=2.10(4) T(nearlyT independent up
increase in the magnitude of the antiferromagnetically orf0 195 mK=0.9Ty).

dered moment. This effect is attributed to the suppression of Consistent with the above observation, scans in tempera-
ture at intermediate fieldbelow H;) observe that the tran-

- - - - sition temperature is higher than in zero field, as expected for
O decreasing field T=80mK Cs,CoCl, a structure with an increased ordered monistdabilized by
60 @ increasing field (0,0.5,-1.5) 1 the field that has a larger mean-field energy and is thus more

2500

Cs,CoCl, (0,0.5,-1.5)

Integrated intensity (per ~5 min.)

04
158.0 159.5 160.0 185 19.0 195 20.0
v 20

Peak Intensity (counts/40sec)

0 . : : - ® T=140mK
o0 - 10 19 20 28 ol A T=140mK (decreas. field)
Magnetic Field (Tesla) || a o T=180mK
FIG. 7. Integrated intensity of the (0,0-51.5) AF reflection vs . il T=1?smK . . e}
applied field afT=80 mK. Intensity units are the same as in Table 0.0 05 1.0 1.5 20 25
I. The solid line is a guide to the eye. The inset shows the Bragg- Magnetic Field (Tesla) || a
peak intensity as a function oF (left) and 20 (right) in applied
fields below(solid circles and aboveH . (open circles The solid FIG. 9. Peak intensity of the (0,0:51.5) AF reflection vs ap-
lines correspond to a fit to the data in thi#, 20) plane as de- plied field at three different temperatures. Intensity units are the
scribed in the text. same as in Fig. 10. The solid lines are guides to the eye.
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FIG. 11. Schematic magnetic phase diagram ofGe<|, as a

temperature in fixed applied field=1.9 T. Intensity units are the function of magnetic field and temperature. Solid symbols denote
same as in Fig. 9. The solid line is a guide to the eye. Inset: obtransitions where the AF LRO in théb(c) plane disappears, see
served intensity of the (0,0.5,1.5) reflection as a function of scat- Figs. 3(10) and 7(8). Open symbols mark crossover fields in the
tering angle ® at two temperature$ =280 and 250 mK. The 250 magnetization curvésee Fig. 1Bidentified with near-saturation of
mK data were scaled to match the peak intensity of the 80 mK datéhe lower-doublet magnetization. Dashed lines are guides, to the

for direct comparison. The solid line is a Gaussian fit.

eye.

stable against thermal fluctuations. This is shown in Fig. 1¢ritical field H¢ with the spin-liquid(SL) state predicted to
by measurements of (0,0:51.5) peak intensity in a field of occur below saturation in Fig. 1.

H=1.9 T. The intensity decreases more slowly with in-
creasing temperature than in zero fiéike Fig. 3 and the

trapolated to Ty(H=1.9 T)~300(20) mK. The long-
range coherence of the structure is unchanged in the whole
measured temperature range as evidenced by the same anc
lar width of 20 scans at the two extreme temperatures
shown in the inset of Fig. 10.

C. Temperature-field phase diagram

In Fig. 11 we show an Hlla,T) phase diagram of g
Cs,CoCl, based on the measurements described above. A=
zero field, CsCoCl, orders belowTy=217(5) mK with a

commensurate wave vect&r=(0,3,3). The chains are or-
dered antiferromagnetically along their length and the mo-
ments are contained in thé,c) plane at a small angle with
the b axis. Magnetic fields applied along tlaeaxis initially
stabilize the antiferromagnetic order by suppressing fluctua-
tions. This is directly observed both in the increase of the
perpendicular antiferromagnetic moment in applied figkk
Figs. 8 and ®and also in the increase in the transition tem-
perature at finite fieldcompare Figs. 3 and 10At higher
fields the order becomes unstable and abokk
=2.10(4) T|a it collapses in a sharp,

momen

D. Ferromagnetic moment as a function of field
order is stable beyond the zero-field transition temperature o ferromagnetically ordered moment was determined

Ty=217(5) mK and disappears only at much higher tem-+.o the intensity of thé011) reflection. The resulting mag-
peratures above the range covered by this experiment, €fgtization curve aT=80 mK is shown in Fig. 12. The fer-

1.4

romagnetic moment increases over the whole range of the

0.8
C

02

0.0

=O— AF ordered moment
| —®— ferromagnetic moment || a
-—— estimated higher-doublet magnetization

T=80mK

1°

0, = 0, (deg.)

1 2 3 6
Magnetic Field (Tesla) || a
) H

@)

4 5 6 7

Magnetic Field (Tesla) || a

FIG. 12. Ordered moments as a function of applied field alng
at T=80 mK. Open circles show the perpendicular ordered mo-
. ment and solid symbols indicate the ferromagnefa) component.
near-first-order tran-Tne sojig lines are guides to the eye and the dashed line shows the

sition to a phase with no long-range magnetic order in thestimated partial contribution to the magnetization due to polarizing

(b,c) plane, possibly a spin-liquid phase. Based(Dnthe

the higher-doublet states alone, assuming a constant susceptibility

absence of order in théo(c) plane,(ii) nonsaturation of the vs field. The inset shows the canting anglemade by the total

magnetization, see Sec. Il D, arii) the expected order-

ordered moment with theb(c) plane (aboveH.=2.1 T it is as-

disorder transition driven by the large fluctuations arisingsumed that the spin components perpendicular to the field axis are
from field noncommutation, we identify the phase above thenot ordered and thereforg=90°).
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Magnetic Field (Tesla) || a IV. DISCUSSION

5 6 7 In the previous section we have established the magnetic
= 993’ structure of CsCoCl, and the effects of a noncommuting
E W . field on its ground state. Here we discuss relevant micro-
; scopic mechanisms that may give rise to the observed or-
5 ] dered structure and find that a simpleearest-neighbor
; Ge;Coal, | mean-field picture cannot explain all observed features. We
2 8 Tid0mK then estimate the ordered moment and find a significant re-
g o T-180mK | duction from the available moment, indicating the presence
° ® T=250mK of strong quantum fluctuations. Finally, we relate the ob-
= ———. fitfor H>3T 1 served magnetic phase diagram to the minimal model of the
= XY chain in a noncommuting field.
% . .
E ; E 138:‘& A. Commensurate vs incommensurate order
3 The observed ordering wave vector condgznses out of the
13) diffuse scattering measured by Yoshizaetaal.’ in the dis-
§ 9!_&1%@1@@_99@ ordered phase at 0.3 K just aboVg (inset of Fig. 5, con-

5 6 7 sistent with the expectation that order should arise at wave

vectors where paramagnetic fluctuations are strong. The
measured diffuse scatterihnghowed systematic incommen-

FIG. 13. (a) Magnetization vs field along the axis at various ~ Surate modulations along the chain direction attributed to
temperatured =140, 180, and 250 mK. The solid line is a guide to COMPpeting interchain interactions. In isotropic systems, a
the eye and the sloping dashed line shows a fit to linear behavior &n€an-field picture for such frustrated couplings would pre-
fields above~3 T. (b) Susceptibility vs field af=80 and 140 dictincommensurate, spiral spin order along the chéiftse
mK. The solid line is a guide to the eythe horizontal dashed line observed order, however, occurs at the commensurate, anti-
shows the approximated partial contribution from the highel’-ferromagnetic wave vectdr= (0]%,%) where interchain frus-
doublgt states H, is the c_ritical field Where_ the antiferromag'netic tration effects cancel out and chains behave as decoupled.
order in the b,c) plane d|§appears ard,, is the crossover field In Cs,CoCl, the tendency to form spiral order is sup-
ﬁ‘:;’;’fb‘gg;cv?o:he magnetization has approached high-field neajs.oqseq hecauskY planes of neighboring chains are not

' parallel but make a large relative anglg 2esulting in an
Ising-like frustrated interchain coupling between ¥¥-like

measurements up to 6.4 T and two regimes can be identifiedD chains. Considering only chains 1 and 4 in the chemical
a low- and a high-field region separated by a crossoveunit cell with XY spins, the energy of a helical order in the
aroundH,,=2.52+0.06 T above which the rate of increase easy planes of the two chains at a pitch to minimize frustra-
of the magnetization is significantly reduced. This crossovetion for the b-axis spin components iEheix=5T—J
is best illustrated in a plot of the differential susceptibility —|cos 28|J§C/(2J)]. This spiral structure becomes degenerate
(x=0M/dH) in Fig. 13b) which shows significantly re- with the simple AF Nel order(spins along) in the limit of
duced values abovel,, (of order 4-1 compared to zero orthogonal easy planesB2=90° (close to the actual situation
field). This crossover behavior is typical of spinsystems in Cs,CoCly). In the proximity of this limit of small effective
with two energetically separated Kramers doubléts de- frustratiqn other effects may stabilize the observed commen-
tails see Sec. IV D in applied field the lower-lying doublet Surate Nel-type order and possibilities include the follow-
is saturated first at a field , above which the magnetization ing: (i) zero-point quantum fluctuations could introduce non-

curve shows a large decrease in susceptibility as only highelinear terms in the free-energy expansion which may lift the
doublet states can still be polarized. classical degeneracy and promote ordering at the decoupling

The crossover fieldH,, (defined experimentally as the pointk=(0,3,3), (i) further neighbor couplings such as be-

field where the magnetization is within less than 5% of thetween sites 1 and 5, or 1 and 6, although believed to be
linear high-field behavigris plotted in Fig. 11(open sym-  small, could potentially stabilize the antiferromagnetic order,
bols). Note that the antiferromagnetic order in thk,d) and (iii ) other effective Ising-type anisotropies arising from
plane is suppressed d&i,=2.10(4) T much below the spin-orbit coupling or crystal-field effects may favor spin
lower-doublet saturation field identified withd,,=2.52  ordering close to thé axis with the lowest energy achieved
+0.06 T (T=80 mK). The absence of long-range order for for an antiferromagnetic-type arrangeméstnstant moment
H.<H<H,, is not due to thermal fluctuations as this field on each siteas opposed to other incommensurate structures.
range remains finite after extrapolationTe-0 as shown in  We have also considered dipolar couplings and found an in-
Fig. 11. This region is thus a quantum disordered phase irereased energy by 16 meV per spin for the observed order
duced by the applied field and is thus consistent with thecompared to a ferromagnetic-type arrangement alongcthe
proposed spin-liquid phase in the schematic phase diagraaxis and thus it was concluded that dipolar effects could not
in Fig. 1. explain the observed structure.

Magnetic Field (Tesla) || a
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B. Mean-field analysis ample, spin 4 interacts through. with the pair of antipar-

To identify the exchange couplings involved in stabilizing /1€ SPins 1 and 95 and 13. Similarly, spin 4 ax~0.25

the observed magnetic structure we calculate its energy iffteracts through;, with the pair of antiparallel spins 6
the mean-field approximation. We find simple energetic ardnd 14 atx~0.75 (J,, with antiparallel spins 6 and 14
guments to explairii) why the observed magnetic structure at X~ —0.25).

belongs to thel'*° irreducible representatior(ji) why the The observed ordering &t=(0,3,3) thus consists of two
ordered moments are confined to thed) plane, and(iii)  interpenetrating magnetic lattices that are noninteracting at
why a multidomain structure occurs. the mean-field level. One lattice contains atoms 1, 2, 5, 6, 9,

We first assume an isotropic Heisenberg exchange suct0, 13, and 14, and the other has atoms 3, 4, 7, 8, 11, 12, 15,
that the three spin components alony, andz (a, b, andc  and 16 in the magnetic unit cell. Since those two global

directions could be treated separately. The observed ordefgttices are related by inversion symmetry4dtithe center of

ing wave vectok=(0,3,3) indicates a doubling of the unit the chemical unit cell the intrasublattice interactions are
cell along theb andc axes leading to 16 different magnetic identical and so the ordered magnetic moment is expected to
sublattices in the magnetic unit cell, as shown in Fig)4 be the same for both, as assumed in the analysis of the mag-
Using this extended unit cell we calculated the interactionnetic Bragg peaks in Sec. Il that gave good agreement with
matrix z in the mean-field approximation; the eigenvectorsthe experiment.

of » are basis vectors of the magnetic ordering and the ei- The observed small alternating tidb=+15(5)° of the
genvalues are the corresponding energy levels. Diagonalizaragnetic moments away from theaxis indicates an effec-
tion of 7 gives the two lowest-energy levels.=—J tive local spin anisotropy. We do not have an explanation for
+J,., assuming weakly coupled AF chains running alongits origin but propose that it may arise when the Heisenberg
the b axis (3>0 and J>J,;,,J,c.Jpc). For AF exchange interchain exchange between sites with rotaxed planes
between spins 1 and 2{.>0) the ground state has energy (such asJ,. between spins 1 and 2 in Fig) & projected

A_=—J—J, and there are three degenerate eigenvector&nto the lower-lying Kramers doublet of effective sgin
(i) ordering of they(b) spin components in the irreducible
representation’*° [Eq. (A5)], (i) ordering of thez(c) com- C. Absolute magnitude of the ordered moment

ponents also if'*?, or (iii ) ordering of thex(a) components
in I'° [Eq. (A4)].

Upon including anisotropy effects this threefold degen-
eracy is lifted favoring ordering along thie axis (b is a
common easy axis for all spins as shown by paramagneti
susceptibility measurements?. The determined magnetic
structure shown in Fig. 4 is indeed in thé® representation
with the largest spin moment along the edswxis and a
small moment along, also inI"''°. The observed confine-
ment of the ordered moments to the,¢) plane can also be
understood on energetic grounds: according to (B§) or-
dering of spins along in I'*° would have parallel spins on
sites 1 and 2, which would be energetically unfavored by th
AF interchain couplingsl,. (the ordering of thea compo-
nents cannot belong to another representation, $3ype-
cause the full Hamiltonian including all anisotropy terms re-
spects the symmetry of the crystal structure and therefor
does not mix spin orderings from different irreducible repre-
sentations

For a magnetic ordering of tHe andc-spin components
in the "1 representation the spin configuration is not unique,
but instead four distinct domains are possible, all with the D. Magnetization curve

same mean-field exchange energy. Those four domains are | this section we consider a minimal magnetic Hamil-
shown in Fig. 4 and the degeneracy arises bef:ausﬁ,‘t‘he tonian consistent with the crystal field and magnetization
representation of thie andc components is two dimensional gata on CsCoCl,, and relate the observed magnetic phase
(sites 1 and 3 are independent diagram to the phenomenology of anisotropic magnets in

Interestingly, at the mean-field level the ground-state ennoncommuting fields. We analyze the magnetization curve in

ergy does not depend on the couplings between sublatticgg,ms of a sping Hamiltonian appropriate for the &6 ions

(1,2) and(3,4). This is a general result for any antiferromag- 5 identify the observed crossover B, with near-

netic ordering along, i.e.,k=(0,3,1) as can be easily seen saturation of the lower-lying spin doublet. We then estimate

by inspecting Fig. éa): each spin on the second group of the lower-doublet magnetization cur¢€ig. 14 and discuss
sublattices interacts with pairs of antiparallel spins from thet in terms of an effectiveS=3 XXZ Hamiltonian in non-
first group such that the net interactions cancel out. For exeommuting field.

The magnitude of the ordered momenfTat 80 mK was
determined by comparing the nuclear and the AF Bragg-peak
intensities(see the Appendix, Sec).3Using A¢,, and Eq.
C(_A6) the resulting ordered moment &=80 mK is mg

=1.7(4)ug (zero field.

The lower-lying Kramers doublet of & ions with ef-
fective spins has anisotropig values,g, ,=2g andg,=g.
Hereg=2.4 is the isotropig value of the underlying spig
and was determined from high-temperature paramagnetic-
susceptibility measurement$!®® This implies that the
available moment in theXY plane is gy ug/2=2.4ug.
E!:rom the present diffraction experiments the estimated or-
dered moment along the in-plane akisommon to all spins
is Mg cos¢p=1.6(4)ug, clearly smaller than the available
full moment in theXY plane(the ordered moment along the

axis is very small and is a mixture of longitudinal and
ransverse partsThe reduction of the ordered moment from
the full available value indicates strong zero-point fluctua-
tions in the ground state.
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0.8 M

i H—H;,cos
T=80mK M(H.T)= lef dwtanhgzﬂs( 17COSw)
0

with the T=0 result M(H)=2M,,sin Y(H/H,)/mH
<H,,. Figure 14 shows a typical magnetization curve plot
at T=0 (dashed curveand finite T (solid line) where the
approach to saturation is rounded off by thermal fluctuations.
The saturation magnetizatioM ,=g,ug/2 (per spin is
reached at the critical field(for finite A) Hy,=J(1
+A)/g,ug . The zero-field,T=0 longitudinal susceptibility

is reduced compared to the semiclassical value due to quan-
tum fluctuations and for\=0.25 is calculated a5 y,(0)

magnetization (arb. units)

008 - - - - . - =0.23%2u5/d. Using the proposed values for
0 ! 2 8 4 5 6 7 the exchange interactions in £0Cl,, J=0.23(1) meV
Magnetic Field (Tesla) || a and g,=2.4, the longitudinal critical field is estimated

asH;,=2.1(1) T.

FIG. 14. Partial magnetization from lower-doublet states alone
as a function of applied field alorag The data is obtained from the
observed total magnetization by subtracting an estimate of the ) )
higher-doublet contribution as indicated in Fig. (Hshed lingand Transverse fieldsH||x) have a very different effect com-
described in the textd,=2.1 T is the critical field where the an- Pared to longitudinal fields because thgy break the spin
tiferromagnetic order in theb(c) plane is suppresse@ee Fig. 7 rotational symmetry from W) to Ising, and(ii) do not com-
andH,, is the crossover field above which tHewer-doubletmag- ~ mute with the exchange terms. In low fields this produces
netization is nearlywithin 5%) saturated. The solid line is a fit to perpendicular long-range antiferromagnetic or¢sin-flop
the generic form in Eq(5) (the dashed line shows this calculation at phasé.>® The noncommutation of the field introduces fluc-

3. XXZ chain in a transverse (noncommuting) field

zero temperatujeas described in the text. tuations that become strong enough above a critical field to
suppress the antiferromagnetic order and induce a transition
1. Full Hamiltonian to a spin-liquid state where the spin moment is not yet satu-

- rated along the field and the finite perpendicular spin com-
A minimal Hamiltonian for the spis=3 Co”* ions that  ponents have exponentially decaying correlations. A typical
includes the 1D exchange and crystal-field effects is ground-state phase diagram is shown in Fig. 1. The critical
disordering field is estimat&dat Hi,=J(3+A)/2g,up
whereas exact diagonalizations of finite chaissggest that
H=>15-5,,+D($)%—gusH,S—gugH,S', (4  near saturation of the magnetization occurs at much higher
! fields, similar to the classical saturation valud,,
=2J/gymg. For CsCoCl, those estimates giveH;,
wherel is the nearest-neighbdisotropig exchange interac- =1.3(1) T andH.,=1.7(1) T. The zero-field=0 sus-
tion along the 1D chains anld is the easy-plane anisotropy ceptibility is again reduced compared to the semiclassical
energy(perpendicular to the localaxis). The last two terms value due to quantum fluctuations and for tK¥ chain is
in Eq. (4) are the Zeeman energy in longitudinaH{ calculated & x,(0)=0.07%2u2/J.
=H sinB) and transverseH,=H sinp) fields, whereg is

the angle between the field direction and ¥ plane (for 4. Full Hamiltonian in a longitudinal field
H|ja this is equal to the angle between the lozalxis and ~ 4 S )
the ¢ axis in Fig. 2. In the absence of magnetic fieldsl ( For theS=3 Hamiltonian in Eq.(4) with well-separated

—0) and in the limit of large local anisotropyDE>1) only ~ €nergy scales for the lowgt-3) and higher+ 3) doublets,
the lower-lying doublef= 1) contributes to the low-energy & Crossover in behavior is expected in applied magnetic field
dynamics and in this subspace the degrees of freedom can §@m a low-field region where only the lower doublet partici-
describefl by an effective spinS=% XXZ Hamiltonian  Pates(or both doublets, depending on the field direcfitma
[Eq. (2)] with an exchangd=41 and anisotropy parameter higher-field region where the lower doublet is saturated and
A=0.25. only the higher doublet contributes to the magnetization.

Longitudinal fields H|z) do not mix higher-doublet
states until very large fields of the order of the interdoublet
separation energyd,,~2D/g,ug. At low fields only the

The physics of theXXZ model [Eqg. (2)] is well under-  lower-doublet states contribute and the physics is that of the
stood in the limitA=0 when it is equivalent to a 1D free XXZ model in longitudinal fields. Above the lower-doublet
fermion gas. Longitudinal fieldsH||z) act as chemical po- saturation aH,, the magnetization shows a plateauM,
tentials filling up the quasiparticle band. The magnetization=g,ug/2 (per spin, stable up to fields arourtd,, when the
is directly related to the filling factor and at finite tempera- magnetization increases again by mixing in states from the
ture T is given by higher-lying doublet+3) to finally reach the full spin value

2. XXZ chain in a longitudinal (commuting) field
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of 3/2gug. The upper longitudinal critical field for form to parametrize the data and extract an effective satura-
Cs,CoCl, is estimated aH,,=9(1) T. tion field Hg, the saturation magnetization, and an effective

“temperature” T, which is a measure of the fluctuations
causing the rounded approach to saturation.
5. Full Hamiltonian in a transverse field The extracted saturation fieltH=2.37(3) T (8T

Transverse fieldsH|x) in Eq. (4) have finite matrix ele- <250 mK) is significantly larger than the critical field.

ments between the two doublets and thus mix higher-doublet 2-10(4) T where the antiferromagnetic order disappears,
states into the ground statef ordergugH/2D) at any finite giving further support fqr the eX|ster_1ce of an intermediate
field.16 Both doublets participate at low fieldirge suscep- Phase between the antiferromagnetic order and the nearly
tibility ) and above a crossover field the lower doublet is neafully Polarized phase as indicated in the phase diagram in
saturated and only the higher doublet contribtsall sus-  Fig. 11. The fitted “temperaturesT are systematically larger
ceptibility). Such a behavior is evident in earlier magnetiza-than the true measuring temperatufegT=200(50) mK
tion measurement&'?on CsCoCl, in fields along thé axis  for the T=80 mK data, fit shown by solid line in Fig. 14
(entirely transversewhere the magnetization increases rap-indicating more fluctuations in the system than can be ac-
idly at low fields with a large susceptibility, then crosses overcounted for by temperature alone. A source of those fluctua-
above~3 T to a region where the magnetization increasesions can be the noncommuting fields that create disorder
much slower to approach saturation (3§ at fields effects at large fields. At small noncommuting fields the
>16 T. dominant effect is breaking the spin rotational symmetry
which has the consequence of promoting long-range order in
a spin-flop phase. This is also in agreement with the experi-
6. Comparison with the observed (total) magnetization ments, which observed that low fields stabilize the perpen-

The a-axis magnetization shown in Fig. 12 is in broad dicular antiferromagnetic order.

agreement with the expected behavior for mixed longitudinal

and transverse fields on the f&@l 3 Hamiltonian in Eq(4):
a rapid increase is observed at small fielsth doublets E. Further studies
contribute followed by a crossover to a much slower in-  The measurements presented here have highlighted a po-
crease at higher fieldenly higher-doublet states contriblite  tentially very significant field-induced phase transition in
The crossover fieldH,=2.52£0.06 T (T=80 mK) is  Cs,CoCl,. The field dependence of the order correlates well
identified with near-saturation of the lower doublet. Thiswith the expectations of a quantum magnet driven through a
field appears to be larger than the estimated near- or fullyuantum critical point by a noncommuting field. Essential to
saturation fields for purely transversh, or purely longitu-  thijs picture is the identification of the disordered phase with
dinal fieldsH,,, possibly due to either the approximations g gapped spin-liquid state. Further studies using NMR, mag-
used in estimatingd,, solving Eq.(4) assuming decoupled netic susceptibility, and heat capacity are called for to inves-
lower and higher doublets, or other terms in the Hamiltoniantigate whether a spin gap really does open above the critical
such as interchain exchanges not included explicitly here. field of 2.10 T. It would also be very interesting to look for
Figure 14 shows the partial lower-doublet magnetizationany evidence of spin-glass behavior induced by the field.
assuming the contribution to the magnetization from thenelastic neutron-scattering measurements of the excitations
higher-doublet states can be approximated by a constant sUg- a field should be particularly revealing and we plan to

ceptibility (as shown in Fig. 12 This assumption is consis- make such measurements in the near future.
tent with calculations in the single-site approximation fol-

lowing Ref. 16, which predict that the higher-doublet
susceptibility for fields tilted apB=45° is relatively small
[compared toy, ,(0) of the lower doubldtand decreases V. CONCLUSIONS
smoothly by only~25% between zero and 5 T. Putting the
magnetization values in Fig. 14 on an absolute scale givesl%
lower-doublet saturation momeh=1.7(4)ug, consistent
with typical values expected for fields applied at an
angle to thez axis M= /g% co$B+0; SirfBug/2=1.9ug

for B=45°.

In conclusion, single-crystal neutron diffraction was used
determine the magnetic ordering as a function of noncom-
muting applied field in the quasi-1D spinXY-like antifer-
romagnet CgCoCl,. In zero field long-range order with

wave vectok =(0,3,3) was found belowl y=217(5) mK.
The magnetic structure was determined using group theory
and has spins ordered antiferromagnetically along the chains
with moments confined to theb(c) plane. A domain struc-
ture was found with adjacent chains in different phases. Pos-
Since no detailed predictions are available for the magnesible mechanisms promoting this commensurate order were
tization curve of XXZ chains in mixed longitudinal and discussed. The observed reduction in the ordered moment
transverse fields we compare the results with the generic anaas attributed to zero-point fluctuations in the ground state.
lytic form given in Eq.(5). This is valid strictly only forXY Magnetic fields applied along the axis were found to
chains in longitudinal fields, but it provides a simple analyticinitially stabilize the perpendicular AF order and form a spin-

7. (Partial) magnetization of the XXZ chain
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TABLE Il. Irreducible representation of the grow, .

1 120 2 1t 22 242, my/mi,  mg/mi,  my/my,
rt 1 1 1 1 1 1 1 1 1 1
I? 1 1 1 1 -1 -1 1 1 -1 -1
rs 1 1 1 1 -1 1 -1 -1 -1 1
r+ 1 1 1 1 1 -1 -1 -1 1 -1
rs 1 1 ] 1 1 -1 1 -1 -1
re 1 1 ] 1 -1 1 -1 -1 1
r’ 1 1 ] -1 1 1 -1 1 -1
re 1 1 o -1 -1 -1 1 1 1
re 2 2 -2 2 0 0 0 0 0 0
ro 2 -2 2 -2 0 0 0 0 0 0

flop phase. This structure becomes unstable at high fields ) _ _ . ) )

where a transition occurs to a phase with no LRO in thevhere 1 is the identity operator, & the inversion at the
(b,c) plane. Measurements of the ferromagnetic componerfRidin, 2, denotes a 180° screw axis along directians
found that near-saturation of the moments occurs only afX: Y, Or z (180° rotation followed by a translation with
much higher fields. The phase between the spin-flop anfalf @ unit cell along axisx), and where throughout this
saturated phases 2405, <2.52 T|la has been proposed 9roup-theory section the axasy, andz refer to the crystal-
to be a spin-liquid state disordered by the strong quanturiPgraphic directionsa, b, andc. m,; is a glide plane con-

fluctuations arising from the applied field noncommutability t2ining axesa and 8. The group is nonsymmorphic because
with the exchange Hamiltonian. the group element&R|a} consist of an operatioR followed

by a translationa equal to half a direct lattice vector. The

experimentally observed ordering wave vedter(0,3,3) is

invariant under all these operations such that the little group
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{14,1%,2,,2) .28 mi, m},,ml}. (A2)
APPENDIX
1. Group-theory analysis Thus the little groupG, consists of a total of 16 elements.

Using the space-aroup svmmetrv of the crvstal structuréNe determined the classes and the character table of this
9 P group sy y Y roup and these are shown in Table Il. The group consists of

we identify allowed basis vectors for a magnetic structur . - s

. PP & ten different classes and therefore has ten irreducible repre-
with the observed wave vectér=(0,z,3). This is done by  sentations. Only two of the representations fulfill the neces-
determining the irreducible representations and elgenvectorssary condition thaty(1)=— (1) (this condition follows

of the little groupGy of symmetry operations that leave the directly from the prefactor of the representation which

wave vectork invariant. changes sign under a translation )y The experimentally

P We start by cons]ideg:n%the symmetry elements of thepsered ordered magnetic structure is thus associated with
nmaspace group of GEoCl: one of these two representations.

The eigenvectorg™ of the irreducible representatiohs
. were determined using the projector meth®drhey are
11,1,2,,2,,2,,m,,,my,,my,}, (A1) given by
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N_ Y _ _ Yo 2 (277)3 |f(Q)|2 2

$=2 X@g(4), A=1-10,  (A3) |<Q)—(2MB) Ny P Giyzey P (I (A6)

whereg is an element of the little group anglis any vector  wheref(Q) is the magnetic form factor for G6 ions?° ®

of the order-parameter space. Hor (0,0.5,0.5) the mag- s the flux of incident neutrong\l,, andV, are the number

netic unit cell is doubled along thie and ¢ axes, and the and the volume of the magnetic unit cellg=1.913, and

order-parameter space is a 48-dimensional axial vector bey=2.818<107*® m. I(Q) is the total integrated intensity

cause the magnetic unit cell contains 16 magnetic momentss a Bragg reflection measured in th& (20) plane and

as indicated in Fig. @ and each has three space compo-1/sin(29) is the Lorentz correction factor that arises because

nents. We obtain intensity is measured as a function of angular coordinates.

d’g:(mlxrmlyamlzr_mlx,mlyamlz’ F (Q) is_ the component o_f the magnetic structure _factor

perpendicular to the scattering wave vector and is defined as

Mz vay M3z, — M3ay !m3y M3z,

FL(Q=F(Q)-(F(Q)-QQ, (A7)

_ml,_mz,_mg,_m4, N
whereQ is the normalized wave-vector transfer.

—My,— My, — Mg, — My, The magnetic structure factor is defined as
16
m;, My, Mg, M (A4) )
MM M. M) FQ= mexp—iQ-d), (A8)
for representatiod™. m,, is the componen& of the mag- i=1

netic moment with 1<i<16. For better readability, in the h is th fer in th ,
above equation the individual components of the magnetiW ereQ. 'S t ewave-vectqr transfer in the experlmemtare
fhe positions of the Gd ions, and the sum is over all 16

moments 5 to 16 were omitted and the magnetic moments o . ! . )
magnetic ions in the magnetic unit cell. For a two-domain

structure(A and B type$ the magnetic Bragg-peak intensity
can be written as

were written as vectors, i.ems=—m;=(—My,— My,
—m,,). For representatiofi*® we obtain

10
¢ _(mlwmlyamlz’lea_mlyv_mlza

1(Q)=ala(Q)+(1-a)lg(Q), (A9)
M3y, , M3y, , M3, , M3y, —May,, — M3,
STy ez X % % wherea is the population of the A domain and {l) is the
—my,— My, —Mg,— My, population of the B domain.

—My,— My, —M3,— My,
3. Absolute magnitude of the ordered moment

ml,mz,m3,m4). (AS) ~ The magnitude of the ordered momenfTat 80 mK was
The ordered magnetic structure is thus doubly degenerate ietermined by comparing the nuclear and the AF Bragg peak

each of the three spin components given by the dimensiomtensities. The intensity of a nuclear Bragg peak is given as
two of these two representations.

A magnetic structure in thE? irreducible representation (2m)® |FN(Q)I?
can occur in several different domains. Assume spins are Q=N Vo P sin(20) ’ (A10)
confined to thelg,c) plane in a typical configuration shown )
in Fig. 4(a) called domain AL. One can construct domain A2WhereN andV, are the number and the volume of the unit
in Fig. 4(c) by reversing theb(y) components of all spins Cells.Fn(Q) is the nuclear structure factor and is giver’as
and keeping the(z) components unchanged. Domain B1 in
Fig. _4(b) is obtained from domain Al by rever_sing the spins FN(Q)ZZ b, exp(—iQ-d;), (A11)
on sites 3 and 4and 7, 8, 11, 12, 15, 3@&nd using the same [
rule one transforms domain A2 in Fig(c} into B2 in Fig.
4(d). Domains Al and A2 are indistinguishable from each

where the sum runs over all elements in the nuclear unit cell

. . . andb; is the elastic-scattering lengthof atomi in the unit
other in a neutron-scattering experiment because they have db; © erng fe °

the same magnetic structure factor and domains B1 and B%e!l- The nuclear peaks used for calibration were (022
are also indistinguishable. However, an A-tyeéther A1 or (033, (022), and (033 and their observed relative integrated
A2) domain has a different structure factor from a B-typeintensities were consistent with the calculated structure fac-
(either B1 or B2 domain. tors to within 15%. Multiple-scattering and extinction cor-
rections were assumed to be negligible. The measured
nuclear intensities gave the overall scale factor for the inten-
sities Agyp= N[ (27)3/V,]® in Eq. (A10). The magnitude of

The integrated intensity of magnetic Bragg peaks is rethe ordered magnetic moment was determined usingand
lated to the structure factor of the magnetic orderingEq. (A6). The resulting ordered moment @&=80 mK in
through® zero field ismy=1.7(4)ug.

2. Zero-field magnetic structure
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