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The high-magnetic-field behavior of the triangular-lattice antiferromagnet Cuige€iudied using single
crystal neutron diffraction measurements in a field of up to 14.5 T and also by magnetization measurements in
a field of up to 12 T. At low temperature, two well-defined first order magnetic phase transitions are found in
this range of applied magnetic fieldH(c): at H,;=7.6(3)/7.1(3) T andH.,=13.21)/127(1) T when
ramping the field up/down. In a field abo¥t,, the magnetic Bragg peaks show unusual history dependence.
In zero fieldTy,;=14.2(1) K separates a high-temperature paramagnetic and an intermediate incommensurate
structure, whileTy,=11.1(3) K divides an incommensurate phase from the low-temperature four-sublattice
ground state. The ordering temperatQrg, is found to be almost field independent, whilg, decreases
noticeably in applied field. The magnetic phase diagram is discussed in terms of the interactions between an
applied magnetic field and the highly frustrated magnetic structure of CuFeO

I. INTRODUCTION which suggests a partially disordered phase, where one third
of the spins are paramagnetic, rather than one fifth.

Compounds of thé\BO,-type with the delafossite struc- The most interesting effects have been found when
ture provide good examples of antiferromagnets on a trian€uFeQ is placed in a magnetic field. As many as five spin-
gular lattice, presenting the opportunity to study the influ-flop-like magnetization anomalies have been observed for a
ence of geometrical frustration on these magnetic systemsfield applied along the axis (at 8, 13, 22, 26, 42, and 70
Unlike the well-studied quasi-one-dimensionaBXs-type  T),*2while for H1 c, a phase transition has been found at 24
hexagonal antiferromagnefahereA is an alkali metalBis  T. Monte Carlo simulation results have suggested that in
a bivalent metal of the @ group, andX is a halogen? the  order for a collinear structure to be stable in zero fitkhd
ABO, materials are mostly quasi-two-dimensional and arealso undergo several phase transitions in applied field, the
highly frustrated between neighboring triangular layers asecond neighbor exchande as well as the third neighbor
well as within a layer. The study of the magnetic propertiesexchangel; have to be unusually strong in comparison with
of ABO, compounds has been somewhat hampered by thiae main nearest-neighbor exchange interactipn J,/J;
absence of good quality single crystals. However, recent0.5 andJ;/J;=0.75. Although a theoretical model with
progress in crystal growth for one of the members of thesuch parameters produces a somewhat similar magnetization
delafossite family, CuFe$® has revived the interest in this curve, comparable values of the exchange interactiprsd
compound and generated a “second wave” of publicationsl; for magnetic moments separated by twice the distance
dealing with its magnetic propertiés’ seems to be suspicious. In fact, weak interplane interactions

Despite recent efforts, the situation regarding the magwhich have been neglected in this study might play an im-
netic properties of CuFeQs far from clear. An earlier pow- portant role in the formation of the long range magnetic or-
der neutron diffraction studyclaimed to observe two suc- der.
cessive magnetic transitions Bf;=16 K andTy,=10 K The exact magnetic structure of the IT phase is still a
to a collinear spin structure with a monoclinic unit cell subject of discussion. ~Submillimeter wave ESR
(J7ax \[7ax 2c, five spins in a layerand an orthorhombic measurementshave discovered an easy-plane antiferromag-
unit cell (yV3ax2ax2c, four spins in a layey Netic resonance mode which could not be explained in the
respectively. All the spins were found to be parallel to the ~Partially disordered model suggested by previous powder
axis and an Ising nature for the exchange interactions ha@eutron dlffractlon experiments. Recently the first single
been suggested, although that would be unusual fofghe crystal neutron dn‘frgctlon studyhas §hown that between
state of F&* ions. Further neutron powder diffraction mea- Tn1 @nd Tyz @ quasilong range amplitude-modulated mag-
surements as well as the single crystal susceptibility anfetic structure exists. This structure has an incommensurate,
Mossbauer effect studialso showed two successive phasetémperature dependent, propagation vectpgd) with q
transitions, however, it was suggested that the intermediaf@nging from 0.19 to 0.22.
temperaturd|T) phase is a partially disordered phase, where The crystal structure of CuFeQbelongs to the space
1/5 of the magnetic moments remain paramagnetic. ThgroupR3m with a=3.03 A andc=17.09 A in the hexago-
presence of disordered spins in the IT phase agrees with theal description. The structure consists of hexagonal layers of
heat capacity datd, but contradicts the simple mean-field Cu, O, and Fe with a stacking sequence of O Fe**
theory for the Ising antiferromagnet on a triangular lattice- O~ - Cu™ - O?>~ - Fé* - 0%~ along thec axis, where the
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applied either parallel or perpendicular to thaxis. We find
that contrary to previous suggestifn$ a field-induced
phase transition from a collinear four-sublattice state to a
five-sublattice state occurs only when an applied magnetic
field exceeds the value of the second critical fiéid,
~13.2 T, rather than the first one,,;~7.60 T. The exact
nature of the phase transition ldt,, however, remains un-
clear.

II. EXPERIMENTAL DETAILS

Polycrystalline CuFe® was synthesized starting from
stoichiometric quantities of the oxides CuO and,Gg A
mixture of the oxides was first reacted at 800°C for 15 h in
air followed by 24 h in flowing nitrogen gas with intermedi-
ate grindings. Rods of diameter 8—10 mm and length 8-10
cm were then isostatically pressed from the reacted powder,
T and sintered at 950 °C in flowing nitrogen gas. Single crys-

tals of CuFe@ were grown by the floating zone method
using a four mirror image furnadenodel CSI FZ-T-10000-
H-1IV-VPS). The rods were rotated at 30 rpm and the growth
was carried out at 1 mm/h, in 1 atmosphere of argon gas with
a flow of 0.3 I/min. The crystals produced had facets and the
growth axis was found to be inclined to thexis at approxi-
mately 10°.

The specific heat measurements in zero field were made
in the temperature range 2 to 20 K using a standard heat
I Z, pulse-relaxation method and from 20 to 305 K using an adia-

batic technique. The data were collected while warming the
sample.

The magnetization dat&y vs H andM vs T, were col-
lected using an Oxford Instruments vibrating sample magne-
tometer in an applied field of up to 12 T. For both the spe-
cific heat and magnetization measurements we have used
small (5 to 40 mg platelike samples that were cut from the
crystal used for neutron scattering experiments. The absolute
accuracy of the magnetization measurements was better than
1%. The crystals were aligned with an accuracy of 1-2°.

The neutron scattering measurements were carried out us-
ing the E1 triple-axis spectrometer at the Berlin Neutron
Scattering Center, HMI, Germany. The spectrometer was
used in the double-axis mode, with a pyrolytic grapli@e?2)
monochromator providing a neutron wavelength of 2.42 A.
A pyrolytic graphite filter was installed in the incident beam
to remove higher order contamination.

The single crystal sample of almost cylindrical shape
(13.5 mm in length and 6.5 mm in diametevas aligned in

FIG. 1. Crystal structure of CuFgOOnly F€" magnetic ions  a vertical field cryomagnet VM-1 in two different orienta-
are shown. tions. In the first case the horizontal scattering plane con-
tained the fk0) reflections and in the second case thalj

triangular lattice of magnetic B& ions are separated by 'eflections. The horizontal collimation was ‘480 -40,
nonmagnetic ionic layers of Cuand &, see Fig. 1. There- typical counting times were 1 to 5 sec at each point.
fore, a quasi-two-dimensional character for the magnetic ex-
change interactions is the most likely situation, however, no Ill. EXPERIMENTAL RESULTS
actual measurements of the exchange parameters have been
reported so far and the extent of the low dimensionality of
the system remains unknown. The low-temperature specific heat measurements of the
In this paper we report on single crystal heat capacityCuFeQ single crystalsee Fig. 2 show a remarkable differ-
magnetization, and neutron diffraction measurements. Ougnce between the two magnetic phase transitions. The first
main experimental efforts were focused on the properties ofransition into the IT phase is marked by a broad peak in the
the low-temperaturéLT) collinear phase in a magnetic field specific heat at a temperature of around 14 K. The second

A. Low-temperature specific heat data
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FIG. 4. Field dependence of the magnetizatioif &2.0 K for
FIG. 2. Low-temperature heat capacity of Cukefingle crys-  a CuFeQ single crystal.
tal. Solid line is a guide for the eye. The inset shows the tempera-

ture dependence of the magnetic entropy, calculated,asT) . .

:fgC/TdT. The dashed line indicates the maximum magnetic en-heat at _IOW terr.lper.atures is negligibly small compared to th?

tropy RIN(2S+1)=14.90 Jmol 'K~ for S=5/2. magnetic contribution. The presence of short range magnetic
correlations dominates the heat capacity at all temperatures
hlpr to 40 K, well above the magnetic ordering temperature. In

sharper, more intense peak®t 11 K act only about three quarters of the magnetic entropy is

Previous thermal analysis measurem&ntdaimed that ecovered a <Ty;, as shown on the inset to Fig. 2, while
the magnetic entropy associated with the anomaly in the he&€ remaining quarter of the entropy is spread over
capacity around . is attributable to the disordering of one- = Tni- The lattice contribution to the entropy, which does
fifth of the FE* spins. However, this conclusion seems to benot exceed 2% of the total entropy at all temperatures shown
based on an unreliable estimate of the heat capacity baseli®® Fig. 2, has been neglected in these calculations.

(see Fig. 3 in Ref. 1)1 The data presented here suggests that
nearly one third of the Fé spins are disordered by the time o
the temperature is increased Tq,. This observation is in B. Magnetization data

good agreement with the value expected from the simple The first order nature of the lower temperature phase tran-
mean-field theory for an Ising antiferromagnet on a triangusition is clear from the temperature dependence of the mag-

lar lattice. netization dataM . exhibits a dramatic jump &ty,, while

Our high-temperatgre spgcific heat data indicate thay, small kink afT; became obvious only after differentiation
CuFeQ has a relatively high Debye temperatung, of the data(see Fig. 3

~600 K. Therefore, the phonon contribution to the specific An interesting feature was noticed when the sample was

warmed and then cooled in an applied magnetic field. If the
field is below a spin-flop phase transition ldt;, then the
hysteresis in the magnetization is evident only arotiRg,
while in a field aboveH.; the magnetization curved (T)

for increasing and decreasing temperature are significantly
different for all temperatures beloW,,. These results are
consistent with the neutron diffraction ddisee below.

In a low applied field CuFe®is magnetically highly an-
isotropic. This can be seen from tihd vs H measurements
for HL ¢ andH||c (Fig. 4. Note that the experimentally ob-
served ratio of the susceptibilities parallel and perpendicular
to ¢, x|/x,.~0.12 is inconsistent with the 120° triangular
magnetic structure, where the value of 0.5 is expected at zero
temperature. The magnetic anisotropy decreases abruptly in
a field above the spin-flop phase transition Hit.
=7.6(3)/7.1(3) T, however, it does not disappear com-
8 10 12 14 16 pletely as expected for a simple three-dimensional collinear
antiferromagnet. Even af =10 T My is still only 73%
of My, .. It would be very interesting to see whethdr, .

FIG. 3. Temperature dependence of the magnetizatign, (in andMyc do becgme egual in some higher figlsbove the
arbitrary unit$ measured for a CuFeOsingle crystal atH second and possibly third transition fieltt,, andH3) or if
=0.05 T while warming the sampl@pper pangl H=6.5 T and they remain different, as has been found in the easy-plane
H=8.0 T while warming and cooling the samglewer pane). ABX;-type antiferromagnets.

transition into the LT phase is accompanied by a muc

Magnetization (arb. units)

Temperature (K)
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C. Neutron diffraction data

1. (hhl) scattering plane HLc

In zero magnetic field the LT magnetic structure is char-
acterized by the appearance of magnetic Bragg reflections at
the positions

2n+12n+16m+3
4 4 2 ’

wheren andm are integers, in accordance with observations
by Mitsudaet al.” The application of a magnetic field up to
14.5 T along a direction perpendicular to the scattering plane
does not change visibly the position, intensity or width of

Integrated Intensity (arb. units)

these peaks—the four-sublattice magnetic structure below Field (T)
Tn2 remains unchanged by a field applied perpendicular to
the ¢ axis. FIG. 5. Integrated intensity of thet¢0) peak of CuFe@in

At an intermediate temperaturgy,<T<Ty;, the four-  applied magnetic fieltH||c at different temperatures.
sublattice magnetic structure is replaced by an incommensu-
rate phase, in which the magnetic Bragg reflections occur

positions %ne of the peaks$(:0) is shown on Fig. 5. The rest of the

(n/5n/50)-type peaks behave similarly.
The temperature dependence of the intensity, width and

: positions of the 1/5n/50) peaks show remarkable variations

in behavior for different values of. Figure 6 shows the
where m is an integer and the value af is temperature temperature dependence of the integrated intensity and also
dependent and ranges from 0.19 to 0.225. In the vicinity obf the position in the reciprocal lattiaefor two such peaks,
Tn2 and Ty the width of the magnetic peaks is not resolu- with n~1 andn~2. Initially the sample was cooled down
tion limited, which suggests the absence of true long-rangéo 2 K in a zero field, and then the magnetic field was in-
magnetic ordering. However at all temperatures away frontreased to 14.5 T. Warming the sample abdyg in the
the phase boundaries, that is at 1 K<13 K, the width  magnetic field results in a shift of the peak positions from
of the magnetic peaks is resolution limited. It is worth not-(110) to (0.225,0.225,0) and from 2£0) to
ing, that atT=10.5 K, both commensurate and incommen- q 385 0.385,0). The higher temperature peaks are still lo-
surate peaks are present in the diffraction pattern. These reziqq along the HhO) direction. When the sample was
sults are in general agreement with the previous findings of,gjed back downd 2 K in an applied magnetic field, the

Mitsudaet al’ first peak withn~1 and originally in the ¢ 10) position h
As with the LT phase, the application of a magnetic field irst peak withn~1 and originally in the ¢ $0) position has

H.L c does not affect the characteristics of the IT phase. ienly regained approximately half its full integrated intensity

only marginally decreases the temperature of the incomme and has remained inh the in(aomrfr;en_surate. hBozsition
surate to commensurate phase transifigg, lowering it to  0-2031),0.2031),0]. For the second reflection with~

6m-+3

s

10 K in 145 T. the loss of integrated intensity was significantly smaller,
2. (hkO0) scattering plane Hc 3 03 o P —

In zero magnetic field no purely magnetic reflections haves ] H /./ oo \
been found in theK{k0) scattering plane. On the application § ] i e a '\
of a magnetic field above 13 T along theaxis at low tem- & ,, ] d _/ ] o
perature, scans in theénk0) plane of the reciprocal lattice & o / 039 ? ey
revealed new magnetic Bragg peaks at positiofbrfi/50), 020] o ° S i
wheren andm are nonzero integers amd-m is even. This @ 25 { "« , ' — .
observation suggests that the magnetic field induces a trarg 2o j \_ 7 O"'Oﬁ;
sition from a purely antiferromagnetic ordering in zero field £ 5 ] \
to an ordering with a ferromagnetic component alongdhe i 0 1 oo o, .\ 5]
axis. Z o ]

The transition to the high-field phase is accompanied by ag % O‘%
significant hysteresis, of about 0.5 T. The transition field and= ° 1 T AR T -
also the hysteresis width gradually decrease as the temper: Temperature (K) Temperature (K)

ture increases, though eventat 8.1 K, a temperature rela-
tively close to the phase transition poifi,, the hysteresis FIG. 6. Temperature dependence of the positidnpper panél
amounts to only 0.2 T. We have found no indication of anyand the integrated intensitjower panel of two magnetic peaks of
short range order within the high field induced magnetictype (n/5n/50) of CuFeQ in an applied magnetic field of 14.5 T,
phase—the widths of the new magnetic peaks are resolutio|c. Solid and open symbols correspond to warming and cooling
limited. The field dependence of the integrated intensity ofof the sample, respectively.
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FIG. 8. Magnetic phase diagram of CuRe®l|c as obtained

from magnetizationsolid symbol$ and neutron diffractiorfopen
FIG. 7. Temperature dependence of the intensity of (110) pea[?ymbmt() data. Solid and dashed Ilngs c'orrespond to_ decreasing and
Increasing temperature or magnetic field, respectively. Only the

in CuFeQ in applied magnetic fielt|c. For clarity, the curves for transition f tic t . t© phase is of
H=7 T andH=14.5 T have been offset by 100 and 200, respec- ransition from paramagnetic o an incommensurate phase 1S of sec-
nd order. The rest of the transitions are of first order with a well

tively. The inset shows the temperature dependence of the linewidtR d hvst .
of this peak in zero field. pronounced nysIeresis.

Temperature (K)

nature of the low-temperature behavior of the (110) peak are

while the change of its position from commensura$é @) required.

to incommensuratg¢0.3961),0.3961),0] was still evident
(see Fig. 6. Other peaks of rf{/5m/50)-type demonstrate
similar history dependence, e.g., as a result of thermal cy-
cling in a field, the €20) peak shifts its position to We have noted in the Introduction that it is fairly unusual

4 for the ®S state of F&" ions to develop exchange interac-
(0'2?‘:’0'604’?) andbtrlle;é?h) peak tot(0.7%5,Q.795,0). jons of the Ising-type, suggested by the previous
emperatures below the magnetic ordering an unusug vestigations. On the other hand, it is also hard to imagine
behavior of the (110) peak has been observed. In zero mag-

S ) . . i i ow a magnetic system with more degrees of freedom
netic field the intensity of this peak increases in the IT phasl%‘r W gneic sy e g

IV. DISCUSSION AND CONCLUSIONS

. . Heisenberg oXY- | monstr man iX
and then remains almost constant in the LT phase. When t eisenberg OXY-type) could demonstrate as many as s

. . g . st order-type phase transition in an applied magnetic field.
crystal was aligned with theaxis in the horizontal plane the T ybe p bp g

I aain in intensit ted v 10% of th he most likely answer to this puzzle is the presence in
overall gain In ntensity amounted 1o nearly 00 eCuFeQ of sufficiently strong competition between the easy-

_nu_clfzar |_rt1tenfst|:]y al>Tyy. Akrrr:uchbmore pronortwmcetﬁ 9aiN axis anisotropy and the exchange interactions. Therefore it is
nn elr_15| ydo _t;:t?]ame pea " asl eenF_seen :N tir'] € Crys@ésential to describe the magnetic phase diagram of CuFeO
was aligned wi e-axis vertical(see Fig. J. In this case as accurately as possible and to compare it to similar systems

the integrated intensity af=2 K is more than doubled . : : :
. . i order to place CuFeQinto the general picture of highl
compared to the intensity at>Ty;. An abrupt change in :‘rr]ustrated n?agnetsu 9 pictu 'gnty

slope in the intensity versus temperature curve is clearly vis- An overall phase diagram of CuFg@r a magnetic field
ible atT=Ty,. In an applied magnetic field this kink gradu- applied along the hexagonal axis is shown in Fig. 8. It con-

aI_Iy dlsap_pea_lr§, so that Bt=14.5 T no anomaly associated tains a high-temperature paramagnetic phase, an intermediate
with .TN2 Is visible. L _ ftemperature incommensurate magnetic phase and also three
Mitsudaet al. have a]so detected a S|gn|f|cant INCrease Olyiffarent commensurate magnetic phases at low temperature.
the (110) peak intensity and have attributed this t0 a dragqnary 10 previous resulfswe find no evidence of shorter-
matic variation of the crystal mosaic, based on the fact thaltange magnetic order in the IT phase at all temperatures ex-

(110) is not present in the neutron powder datle note cept very close to the phase boundaries. At low temperature
that the observed change in width of the (110) peak is only, magnetic field aboved,~13.2 T induces a magnetic

7% and that the other possible explanations of this effect . .
° posst xP : ! tate characterized by an ordering wave vegter(z :0).

could be either multiple scattering involving magnetic peaksS - L

or a truly magnetic nature of the (100) peak. The former _1he nature of the lower-field phase transition Hf,
suggestion is complicated by the fact that the strongest ob= /-6 T IS less clear. In order to judge whether it involves
served magnetic peak is only half the magnitude of the gaif€isenberg degrees of freedom or corresponds to an Ising
in intensity of the (110) peak. The latter suggestion has to bé&/pe rearrangement of thg=(z33) structure, we would
dismissed on the basis of a polarized neutron scattering exteed to make a survey of all the magnetic peak intensities.
periment. The results of this experiment show that for theTo do this it would be necessary to measure scattering in the
(110) reflection the ratio of the neutron scattering intensitieghhl) plane while the magnetic field is applied along the
with the spin flipper on and off remains practically un- axis, which means that the field must be applied in the hori-
changed when passing through the phase transition temperzental plane. No such facilities are currently available.

tures, Ty, and Ty,. Therefore further investigations of the ~ Surprisingly enough the magnetic phase diagram of
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CuFeQ more closely resembles thé-T phase diagrams of diffraction measurements show an unusual history depen-
the rare-earth intermetallic compouridsather than those of dence. Cooling the sample in a high magnetic field results in
the ABXs-type stacked triangular Ising antiferromagnéts, @ higher net magnetization and also in the locking of the
such as CsCoBrand CsCoGl. In particular, an incommen- Magnetic peaks in the incommensurate positions.

surate magnetic ordering occurring in rare-earth intermetallic e should also mention the possibility of a high sensitiv-
compounds &t y; exhibits at some lower temperature a tran-ity of the magnetic properties of CuFe@ the presence of
sition to a simpler structure with a shorter period. This hap-chemical impuritie¥ and to the sample preparation tech-
pens because in the case of axially anisotropic systems, dhque. The results of Mitsudet al.” appear to be somewhat
incommensurate or long-period commensurate modulate8@mple dependent. Our own magnetization measurements
structure is unstable at O *@At lower temperature an ap- have revealed a significant ferromagnetic component in the
plied magnetic field lowers the free energy of the incommennet magnetization of those single crystals that have been ob-
surate phases more rapidly than that of the simple commenr@ined from our early attempts of crystal growth, before the
surate phases, therefore a reappearance of tHgrowth conditions were optimised. The results of measure-

incommensurability is often observed in these compounds ifnents of magnetization, heat capacity, and neutron diffrac-

a magnetic field. tion on optimally prepared crystals, however, are self-
Splitting of Ty is also a common feature féxBX;-type ~ consistent and also sample independent.

stacked triangular Heisenberg antiferromagnets with an easy- In conclusion, we have presented the results of neutron

axis type of anisotropg,however, their behavior in an ap- €lastic scattering measurements, heat capacity, and magneti-

plied magnetic field are profoundly different to that of zation studies on a single crystal of Cuke@ quasi-two-

CuFeQ. Their magnetization curves demonstrate only onedimensional antiferromagnet on a triangular lattice. These

spin-flop transition at a critical fieltH, for a field applied ~Measurements have allowed a detailed study of the unusual

along the hexagonal axis and the absence of any transitioh@w-temperature magnetic properties of Cuke® an ap-

for the field applied perpendicular to this axis. In addition, inPlied magnetic field of up to 14.5 T.

ABXs-type systems the application of a magnetic field re-

sultsin a deetease of the temperature difference between two ACKNOWLEDGMENTS
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