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We have obtained the magnetic fidld) versus temperatur@) magnetic phase diagram for the triangular
lattice antiferromagnet CukggAl o0, using neutron diffraction, magnetization and specific heat measure-
ments on single-crystal samples. On the substitution of a small amount of nonmagréifimpgurity for Fe*™,
the H-T phase diagram was completely modified from that of CuffeDggesting that the quasi-Ising spin
character observed in CuFg@isappears, and the Heisenberg spin character Sfifeetrieved as a result of
the substitution.
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[. INTRODUCTION and specific heat measurements using single-crystal samples,
with x=0.02 andx=0.05 in a zero magnetic field.The re-
ABO,-type compounds with the delafossite structure repsults for both samples suggested that the quasi-Ising charac-
resent a good example of triangular lattice antiferromagnetger seen in CuFe{disappears, and the Heisenberg spin char-
(TLA), and present an opportunity to study the influence ofacter of orbital singlet Fé appears, because of the
geometrical spin frustration in magnetic systems. Unlike thedisturbance of the delicate balance between the competing
well-studied quasi-one-dimensional ABXype hexagonal exchange interactions in CuFgQn the case of th&=0.05
antiferromagnet$, ABO,-type materials have a triangular sample, the lower magnetic phase transition temperature
lattice layered structure in which each triangular lattice layercould not be found down to 2 K, although the upper transi-
is stacked rhombohedrally along the hexaganakis. tion temperature remained almost unchanged with respect to
CuFeQ has been extensively investigated as one of thehat of CuFeQ. This suggests that the disruption of some
TLA ABO,-type material$* In spite of the Heisenberg part of the exchange interactions is so great that successive
character of the orbital singlet ?fe(S=g, L=0) magnetic  magnetic phase transitions disappear. On the other hand, for
ions, CuFe®@ shows a quasi-Ising character: As the groundthe x=0.02 sample, successive magnetic phase transitions
state, the four-sublatticg 7] |) magnetic structure with col- remain. They are, however, entirely modified with respect to
linear magnetic moments along thexis is realized. This is the transitions seen for CuFeQConsidering the significant
in contrast to the noncollinear 120° magnetic structure of anodification of the successive magnetic phase transitions in
typical Heisenberg spin TLA. With increasing temperature,the x=0.02 sample in a zero magnetic fiéklwe anticipated
in a zero magnetic field, a quasi-long range ordered sinusothat theH-T magnetic phase diagram of CuFe€hould be
dally amplitude-modulated state is thermally induced fromalso modified significantly.
the ground state as a partially disorde&dD) state charac- To explore how theH-T magnetic phase diagram of
teristic of an Ising spin TLA When a magnetic field is CuFeQ (see Ref. 12is modified by the substitution of a
applied along the axis at low temperatures, CuFg6hows  small amount of nonmagnetic impurity, in the present study,
multi-step meta-magnetic phase transitidfidt should be we have performed neutron diffraction, magnetization and
emphasized that this quasi-Ising character of CuFegdinot  specific  heat measurements  using  single-crystal
be explained by typical Heisenberg spin TLA models. InCuFg gAly o0, specimens.
contrast, the magnetic properties of other AB§pe TLA
materials, such as LiCrQ) CuCrQ, and AgCrQ, can be sat-
isfactorily explained by the typical Heisenberg spin TLA
model! Single-crystal material with a nominal composition of
Recently, in order to understand the stability of the quasi-CuFeg ¢gAlg o0, was prepared by the floating zone
Ising character, we investigated magnetic ordering intechnique® All the single-crystal samples used in this study
CuFg_Al,O, by neutron diffraction, magnetic susceptibility for the neutron diffraction, magnetization and specific heat

Il. EXPERIMENTAL DETAILS
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FIG. 1. Schematic drawings of the reciprocal
lattice zone for the magnetic domains with the
propagation wave vector along th&10 or the
(120) direction. The positions of theRreflec-
tions and theq reflections for the magnetically
ordered states are shown by circle and triangle
symbols, respectively. The square symbol shows
the nuclear peak position.
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measurements were obtained from identical grown rods usetl°. For all thescans with increasing temperatures and mag-
in the zero-field experiments. netic field, zero-field cooling procedure was used.

For the neutron diffraction experiments, we used the two-
axis diffractometer E4 at the Berlin Neutron Scattering Cen-
ter of the Hahn—Meitner Institut. The single-crystal sample
was mounted in a 14.5 T vertical field cryomagnet VM-1 ~ The anomalies observed in the magnetization, specific
with its ¢ axis vertical, to provide access to the hexagonaheat and neutron diffraction measurements are shown in the
(hko) reciprocal lattice zone. Therefore, the spin density proH-T phase diagram for CubgAlq 00, in Fig. Zb). The
jected on the basal plane could be surveyed. A magnetic three magnetically ordered states are the intermediate-
field was applied along the hexagomabxis. Whereas the temperaturgIM) state, the low-temperatui@T) state and
reflections with the fundamental wave numttgrthe q re-  the field-inducedFl) state. The shape of thé-T phase dia-
flections were observed in the previous zero-field diffraction 9ram for CuFe@ (see Ref. 12shown in Fig. 2a) is entirely
experiment® with a (hh¢) zone, in the present study with modified as a result of the substitution of a small amount of
the (hk0) zone, higher-order harmonic reflections, such ag'onmagnetic Af" impurity for F€”*, as seen in Fig.(®). The
the 2 reflection or 4 reflection, can be observed at the Magnetic field variation Oy, Tra(H), remains almost un-
reciprocal lattice positions denoted by circles in Fig. 1. Thischanged fronT;>*YH); in contrast, the field variation of the
is because the spin density modulated along the hexagbnal lower transition temperature is completely changed. Note
1 0) direction is stacked antiferromagnetically along the that the notatioTy;(H) indicates the transition temperatures
axis, as was shown in our previous wttlon CuFeQ [see  Of CuFgggAlg O, unless specified, and the notation
Figs. 3¢) and 5 in Ref. 12 In addition to these higher-order Trg *(H) and Ty, %AH) stand for the transition temperatures
reflections, weak but measuralgj@eflections were also ob- of CuFeQ. It should be particularly emphasized that the
served at the positions denoted by triangles in Fig. 1, owingharacter of the triple point, where the three magnetic states
to stacking faults along theaxis in this sample. It should be meet, differs between the samples. The three phase bound-
noted that we confirmed that the 2eflections at the equiva- aries of CuFe@separating the four-sublattice state, the five-
lent positions reflecting the hexagonal three-fold symmetrysublattice-like state and the PD state meet with “zero angle.”
have almost equal intensities with each other within experiin contrast, those of CulgggAl o0, separating the LT state,
mental accuracy. In the case of thereflections, since the the Fl state and the IM state meet with a “finite angle.” This
(1-q -1+2q 0) reflection in the120) domain was the larg- suggests that the sybstitution of a small amount of nonmag-
est in several observagreflections, we concentrated on sur- N€tic_impurity modifies the thermodynamic properties of

. - . ) ) . CuFeQ. In the following sections, we will discuss the ex-
veying (120) domain (not (110 domain for the investiga-  perimental results that were used to determine the magneti-

A=2.44 A was obtained using pyrolytic graph{cG) mono-

chromators. To suppress higher-order contaminations, a PG
filter was used. A collimation of 4640'-40" was employed.

For magnetization measurements, we used the extraction The magnetization curve for CuFe®xhibits magnetiza-
method (2 K<T=<20K,0 T<sH=<15T) and a Quantum tion plateaus in the four-sublattice stat@ T<H<7T)
Design superconducting quantum interference device magnend the five-sublattice state(13 T<H=<20T) with
tometer(2 K<T=<20 K, 0 TsH=5 T). For specific heat collinear magnetic structuré,as shown by the open symbols
measurements, we used an Oxford instruments Mddftab in Fig. 3a), reflecting a strong Ising anisotropy. On the
microcalorimeter (0.6 K< T<20 K, 0 T<H<12T). For other hand, a linear increment with a finite gradient is seen in
the magnetization and the specific heat measurements, the magnetization curve of the five-sublattice-like state
magnetic field was also applied along thexis. Thec axis (7 T<H=13 T), implying that the spin orientation continu-
of the samples was aligned with the magnetic field withinously changes with varying magnetic field. This agrees with

IIl. EXPERIMENTAL RESULTS

A. Magnetization curves at low temperatures

174412-2



IMPACT OF A SMALL NUMBER OF NONMAGNETIC... PHYSICAL REVIEW B 70, 174412(2004)

(a) CuFeO, ' ' - LT
T,y X=0.00(H) PM J
] ] (@)
0.8}
X ' T=2K
2 e
g 10 Ey
8- —
g S
2
5 L
0'"I"'I"I'I"'I"'I."'I"'I".' 0'21-‘ } : . ¥
[ (b) CuFeq ggAlp 0202 | q +—3 ¥
L by 2 2 o
TwH PM Z0.206  (b) 9
= :
&
5‘ 0.202 4G4\ *]
2 - L 1
© = -
g g 534
= S, 5.8
= R
7] 1t [}
2 I
0 N T TN T T TR £ P 2q °/
0 2 4 6 8 10 12 14 16 N | P
T o
Magnetic field [T] o5 . 9
FIG. 2. (a) H-T magnetic phase diagrams for CuRe@ken 04 _(C) T=2K _
from Ref. 12.(Note that the region “C” in the original phase dia- w  F %, ]
gram was removed in the present paper, since it does not represent § 23 E a ""*-\. ]
any magnetic phase transitions, although existence of the region C s ’ . * \ ]
is a silent feature related to field dependence of magnetic propaga- S 2o0f ez ]
tion vector q inside five-sublattice-like phage(b) H-T magnetic = . ]
phase diagrams of Cufghlg¢/O,. Anomalies found in the mag- < 21 b

netization, neutron diffraction and specific heat measurements are [ ]
depicted by circles, triangles and squares, respectively. Open and 20 Lo 0
closed symbols denote the anomalies that appear with increasing 0 2 4 6 _8_ 10 12 14

and decreasingl or T, respectively. The three magnetically ordered Magnetic field [T]

states, intermediate-temperature, low-temperature and field-induced

states, are represented by IM, LT and FI, respectively. Shading def:u
notes the coexistence region that will be described in Sec. Il C 2

FIG. 3. (8 M-H curve atT=2 K for CuFg ¢dAlg L0, and

FeQ is depicted by closed and open symbols, respectiyb)y.
‘Magnetic field dependencies of the propagation wave numbed

of integrated intensity of thec®and 4j reflection atT=2 K. To

the incommensurate noncollinear magnetic structure inferregompare the field variation ofe@and 4y with that of q directly, we

for the five-sublattice-like state in our previous diffraction piotted the field variation of @ 2 and 4j/4. Closed and open sym-
study*? With these results for CuFeQwe can discuss bols are used for increasing and decreasing magnetic fields, respec-
the magnetization curve for Cuf:gAlq00,. As shown by tively. (c) The magnetic field dependence of integrated intensity of
the closed symbols in Fig.(8), the magnetization curve the(1 1 0) nuclear Bragg reflection &t=2 K.

shows a discontinuous changetat-10 T with hysteresis,

corresponding to the magnetic phase transition from thearying magnetic field. In fact, the present neutron diffrac-
LT state to the Fl state. Figuré€d& also shows that the mag- tion data suggest that incommensurate magnetic structures
netization plateaus of the commensurate states seen &re realized in both states, which will be discussed in the
CuFeQ entirely vanish in CuRgAlgo0,. Moreover, as next section. Consequently, we found that the strong Ising
shown by the broken lines in Fig(&, the gradient of the anisotropy in CuFe®is significantly reduced by the substi-
magnetization curves in the LT state and the Fl state is altution of a small amount of nonmagnetic 3Alimpurity for

most equal to that of the incommensurate five-sublattice-likec€**. In addition, the disappearance of the quasi-Ising char-
state(7 T<H=<13 T), implying that the spin orientations in acter in zero-fieltP certainly extends to finite magnetic
the two states of CulgAl o0, continuously change with fields.
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FIG. 4. Typical diffraction profiles ofhh 0) reciprocal lattice
scans in (@ IM phase (H=12 T, T=11K), (b) LT phase
(H=8T,T=2K) and (c) FI phase (H=145T,T=2K) of
CuFg oAl 00,. Note that considering the temperature and field
variation of the wave number as shown in Figé)35, and 6, we

indexed 2 and 4 to the observed magnetic Bragg reflections. Sev-  FIG. 5. Temperature dependencesHat8 T of magnetization,
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eral peaks are contamination peaks as labele@)in integrated intensities aq 2q 0) and(1-q —1+2q 0), the propa-
gation wave numbeq, integrated intensities ofl 1 0) nuclear
B. Magnetically ordered states peaks and specific heat of CuygAlg L0,. To compare the tem-

perature variation of @ with that of q, we show the temperature
variation of 21/2. Open and closed symbols are used for decreasing
In the zero-field experiments, the three magneticand increasing temperature processes, respectively.
Bragg reflections indexed as| 1 gt g), (q,’_T ar %) and
(%—q[T %—q,’_T %) were observed in the LT state. Since thethe crystal mosaicity, as was discussed in our previous
wave numbeu ;~0.21 is very close ta;~0.21, theq;  reports®12
reflection and theg|; reflection were not experimentally Consequently, we can infer from these experimental facts
separable. Besides, tlygy reflection is dominant in the LT that the zero-field magnetic structure characterized by the
state. In the present high field experiment, therefore, we conthree wave numbers 1, ¢/ and -q;, extends to finite
centrated on investigating the dominamt: reflection, be-  magnetic fields up téd~10 T with the 2. component.
cause they ; reflection and thé%—q[T) reflection were con- —
sidered to be so small that they cannot be detected in the 2. Field-induced () state
setup restricted to théhk0) zone. In the FI state, as seen in the typical diffraction profile of
As seen in the typical diffraction profile of thgn h0)  the (hhO) scan shown in Fig. @), four magnetic Bragg re-
scan shown in Fig. @), weak magnetic Bragg reflections flections were observed at incommensurate positions
indexed as2q,t 2q.1 0) and (1-2g,.1 1-2q,1 0) were ob-  (1-49g 1-40r 0), (20r 20 0), (1-205 1-20 0) and
served, where the integrated intensity of thg2reflection, (49 49g 0). Figure 3b) shows that at 2 K, with increasing
l2g, is small but systematically increases with increasingmagnetic field from the LT staté,q andl;_, increase rap-
magnetic field, as shown in Fig.(t8. The wave number idly, and the wave number starts to deviate from that of the
g~ 0.21 is almost independent of the magnetic field and théT state atH~10 T. As seen in Fig. @), this phase transi-
temperature, as shown in Figs(bg and 5. Figure 5 also tion from the LT state to the FI state is also found in the
shows that the integrated intensity of the 1 0) nuclear change inl119. As was seen in the case of the LT state, Fig.
peak, |11, increases rapidly belowhI"(8T), as was also 6 shows thatl,o increases rapidly belowTy,(12 T)
seen in the zero-field study.This situation was also ob- ~6.5 K due to the reduction in the extinction effect caused
served earlier in the case of CuF£OThis is because the by the variation of crystal mosaicity. In addition, Fig. 6
extinction effect is reduced by the anisotropic variation ofshows that the magnetization,, the wave number@ 2 and

1. Low-temperature (LT) state
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FIG. 6. Temperature dependenciesiat12 T of magnetization,
integrated intensities dRq 2q 0) and(1-q —1+2q 0) reflections,
the propagation wave number integrated intensities ofL 1 0
nuclear peaks and specific heat of Cglffl ¢.020,. To compare the
temperature variation ofcwith that ofg, we show the temperature reflection withqy ~0.196 in 12 T. The fundamental wave
variation of 2/2. Open and closed symbols are used for decreasinfiumberq,, and the integrated intensityqlM, are almost in-
and increasing temperature processes, respectively. dependent of the magnetic field for the IM state, as shown in

Fig. 7. On the other hand, in the PD state, the integrated
110 are history dependent beloW,(12 T), which is gen- intensity of Zpp reerctions,I?qPD, increases '.sys'.[ematicglly
erally observed in dilute antiferromagnets under a magneti@nd the wave numberp, varies gradually with increasing
field. It should be noted that no thermal hysteresis was obMagnetic field, as shown in Fig. 7. Consequently, in these
served for the temperature variation of the specific heat re€xperiments, the difference between the IM state and the PD
flecting the energy fluctuation. Consequently, the commensigtate was clearly seen in the higher harmonics induced by
rate five-sublattice magnetic structure seen in CufFeoincreasing .the magngtlc field. It sho_uld be notgd that the
entirely vanishes, and an incommensurate magnetic strufb@gnetization curve in both states increases linearly with
ture, distorted by the magnetic field, with @ 2omponent increasing magnetic field.

and a 4 component appears in the FI state. _ .
C. Magnetic phase boundaries

3. Intermediate-temperature (IM) state . .
1. Magnetic phase transition from para to IM

In the previous zero-field experimerswe suggested
that the magnetic structure of the IM state is different from
the sinusoidally amplitude-modulated magnetic structur

with collinear moments along the axis in the PD state of ) .
CuFeQ.8 In the presentand previou®) high-field diffrac- second-order magnetic phase transition from the paramag-

tion experiments, detailed magnetic structure determinatioR€tic (PM) state to the IMx:s(;c%te. Sl‘éCh, a transition was simi-
was not performed since the experimental setup only allowelfly seen in CuFe@at Ty, _O(H)- Figures 5 and 6 also
for the investigation of thehk0) zone. Nevertheless, differ- Show that thelq = starts to increase belowWy,(8 T) and
ences between the IM state and the PD state can be studidd1(12 T); at the same time, a small anomaly in the specific
by looking at how the higher harmonics are induced withheat was found aty;(8 T) and Ty (12 T) as shown by ar-
increasing magnetic field. In the typicdlhO) scan shown in  rows in Figs. 5 and 6, in contrast to the_distinct lambda-type
Fig. 4a), magnetic reflections with higher harmonics, suchanomaly in specific heat in CuFg@t Ty;”*{H).1° Conse-

as the 2, reflection, were not observed within experimental quently, Ty,(H) remains almost unchanged from{;>*AH)
accuracy at the positions expected from the obserygd as seen in Fig. 2, apart from a slight increasél'mo'oo(H)

As shown in the insets in Figs. 5 and 6, a small peak
nomaly in magnetization without hysteresis was observed at
ni(8 T)~Tni(12 T)~14 K. This corresponds to the
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due to the partial release of the spin frustration, as was dissmall amount of nonmagnetic impurity modifies the thermo-
cussed in the previous powder stiidy. dynamic properties of CuFeO
Second, the results of the magnetization measurements at
low temperatures for both CuFgCQand CuFggdAlg o0,
_ showed that the strong Ising anisotropy seen in CyFHsO
The transition temperatufg§"(0 T) and T\5'(0 T) sepa-  significantly reduced by the substitution. In addition, the dis-
rating the IM state and the LT state were defined in the zeroappearance of the quasi-Ising character in the zero'field
field experiment® as the respective temperatures wheregextends to a finite magnetic field. With this experimental
with decreasing temperature, the temperature variation dinding, we can briefly discuss the origin of the anisotropy in
magnetic susceptibility along the axis starts to deviate CuFeQ. The single ion anisotropy energy of the orbital sin-
downward from that perpendicular to tiseaxis, and where _glet Fe* is so small that the quasi-Ising magnetic orderings

the specific heat shows a dull peak. The temperature regidh CuFeQ cannot be explained. Even if it is adequately
betweenT9"(0 T) and T(0 T) was identified as theoex- strong, the single ion anisotropy should not be significantly
N2 N2 reduced by the substitution of a small amount of nhonmag-

istence regiorwherel, —coexists withl, _. e .
. M Ot netic impurity.

Figure 5 shows that with decreasing temperature from the " rpiq * through the neutron diffraction experiments, we
Il\rflighstate atH=8T, the magnetization starts to fall at 454 found that the commensurate magnetic orderings seen in
TN (8 T)~6 K, and the specific heat ShOWSi a dull peak atcyreq disappear, and the incommensurate magnetic order-
TNz (8 T)~5 K. Thel, starts to decrease #$"8 T) and  ings appear. As a ground state, instead of the collinear four-
vanishes aT%¥(8 T); at the same timd,, _ starts to increase  sublattice(11|]) magnetic structure in CuFgQthe incom-
at TU9"(8 T), where the wave numbey shows a discontinu- mensurate magnetic structure characterized by the three
ous change in the coexistence regifm also starts to in- wave numbersg, 1, g/; and %—qLT, may extend to a finite

crease aﬁ'wgh(s T). Consequently, the magnetic phase tran-magnetic field up tAH~10 T. The field-induced state with
siton from the IM state to the LT state through the the commensurate five-sublattice magnetic struotirfé]|)
coexistence region was also found-st 8 T, as was seen in in CuFeQ vanishes, and the incommensurate magnetic
the zero magnetic field. The coexistence region in the zerétructure, distorted by the magnetic field, with second and
magnetic field becomes gradually narrower with increasindourth higher harmonics, is realized. In addition, in the IM
magnetic field, and, as illustrated in Figb, converges to State, the magnetic structure that is different from the collin-
the triple point where the three states meet. ear sinusoidally amplitude-modulated structure with the
magnetic moments along the axis in the PD state of
CuFeQ extends to a finite magnetic field without higher
harmonics.

At the phase boundary between the IM and the FI states, With the above three findings, we recently performed in-
starting from the IM state at 12 T, a decrease in temperaturelastic neutron scattering experiments on Cuj-edhd
produces a magnetic phase transition to the Fl state a@uFe gAlgo0,. Reflecting the differences in the thermody-
Tn2(12 T)~6.5 K without the coexistence region. As Fig. 6 namic properties for the two samples, the spin-wave disper-
makes apparent, the temperature variation of the magnetizaion relations are also quite different from each other. While
tion exhibits a local minimum, and the wave numhgr a spin-wave dispersion curve without an energy gap was ob-
changes continuously &,(12 T), which is entirely differ- tained for CuFgggAl /., an unusual dispersion curve with
ent from the case in whichl=8 T. At the same time, a dull an energy gap, whose bottom positions do not correspond to
peak in the specific heat appearsTg(12 T), andl,,_ also the magnetic Bragg point for the four-sublattice ground state,
starts to rise rapidly beloWy,(12 T). Collecting the transi- was obtained for CuFegd’ o _
tion temperatures from the IM to the Fl state in several mag- Ve should mention other chemical impurity effects on the
netic fields, we found thaTy,(H) systematically increases CuFeQ magnetic system. Hasegaetal. have reported that
from the triple point with increasing magnetic field as shownthe low transition temperaturdy,, of CuFeQ depends on
in Fig. 2b); in contrast, Fig. @) demonstrates that all the the oxygen defect concentratiéhThey concluded that Pé

transition temperatures in CuFeQystematically decrease ©f Cu" are induced by oxygen deficiency or an excess of
with increasing magnetic field. oxygen, respectively. Although the content of the divalent

ions as an “impurity” was 17% maximum, all of their
samples maintained the four-sublattice state. This is in con-
trast to our results wherein the four-sublattice state disap-
peared with only 2% substitution of nonmagneti¢Aimpu-
We have performed neutron diffraction, magnetizationrity.
and specific heat measurements on the triangular lattice an- Also, we have to state here that our previous specific heat
tiferromagnet CuRgyAl g 0205, Using single-crystal samples. data in zero magnetic field for CuFgOwere inconsistent
The experimental findings are briefly summarized below. with the data of Petrenket al!* and Takedat al*: although
First, the shape of thél-T magnetic phase diagram is the data of two groups showed a sharp peak corresponding to
completely modified from that of CuFeOthe character of a large latent heat &f,, our data did not show such a peak
the triple-point where the three states meet differs betweeat Ty,. However, reviewing our previous data carefully, we
CuFeQ and CuFgqgAlgoL,. This strongly suggests that a found that we missed a large sharp peak corresponding to a

2. Magnetic phase transition from IM to LT

3. Magnetic phase transition from IM to Fl

IV. DISCUSSION AND CONCLUSIONS
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latent heat at very narrow first-order phase transition poinfor Fe**, suggesting that the quasi-Ising character seen in
Tn2, Which is almost quantitatively consistent with the dataCuFeQ disappears and the Heisenberg character of the or-
of Petrenkoet al. Therefore, we add here that, as a result ofbital singlet Fé" is retrieved.

the substitution of a small amount of nonmagnetic impurity,

the large sharp peak, observed in the specific heat for

CuFeQ, disappears, reflecting the dramatic changes in the ACKNOWLEDGMENTS
thermodynamic  properties between CukeOand . . .
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