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Neutron-scattering studies of a phase transition in the metamagnet FeBr
under external magnetic fields
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Neutron-scattering experiments have been performed on the metamagneturelRr external magnetic
fields. We find an anomaly in the temperatui® @nd magnetic-fieldfl) dependences of the intensity of the
(2,0,1/2 antiferromagnetic Bragg scattering at the temperafy(él) at which an anomaly in specific heat has
been observed in addition to the anomaly at thesINemperatureTy(H). We argue that our results are
consistent with the theoretichdl-T phase diagram of a metamagnet in which the tricritical point decomposes
into a critical end point and a bicritical end point. We locate the latter poifit,at10.8 K andH,=1.4 T in
this compound[S0163-182607)08317-3

[. INTRODUCTION simple theory tells. The second-order line in FeBhows a
maximum abovel; and makes an angle with the first-order
Antiferromagnets with a strong uniaxial anisotropy ex-line at the multicritical point. This reminds us that the actual
hibit a phase transition from a state with very small net mophase diagram of FeBris closer to the one shown in Fig.
ment to the saturated paramagnetic state under an appliddb).
magnetic field at low temperatures. This field-induced phase Recently, Azevedet al® have found two new boundaries
transition (metamagnetic transitignhas been studied for in the H-T plane of FeBg, one above and the other below
more than 50 yearsThe magnetic-field—temperaturéi{ the second—_ord_er line. At these boundar_ies t_he temperature
T) phase diagram of a metamagnet is shown schematically ig"d magnetic field dependences of the imaginary pelf} (
Fig. 1(a). The solid line represents a first-order transition and®f the ac susceptibility show an anomaly. These authors
the dotted one a second-order transition which meet at ﬁlamed_ that the anomalies originate from noncritical spin
tricritical point (TCP). The existence of thisl-T phase dia- uctuations. The results of Msbauer spectroscoyon

gram has been confirmed theoretichéynd a number of sub- FeBr, in external magnetic flelds.wgre |_nterpreted based on
" . : a model that the external magnetic field induces a transversal
stances exhibiting this phase diagram has been foaml.

iy | . . recession of the moments on the down sublattice. Aruga
decomposition of TCP into a critical end poif@EP) and a b 9

Katori et al!® have measured the specific he&,] of a
bicritical end point(BCEP), shown schematically in Fig. single crystal of FeBy under external magnetic fields. They

1(b), has been predicted by a mean-field théanyd a Monte found two anomalies inC. for 1.4 T<H< 2.9 T and
Carlo simulatiorf, when a further-neighbor interaction is in- T=4.9 K. The anomaly at ?he higher temperature represents
troduced in addition to the nearest-neighbor one in thene transition from the paramagnetic to antiferromagnetic

former case and when a single ion anisotropy term is inphase. The anomaly at the lower temperature appears in the
cluded in the latter case. On the other hand, a Monte Carlo

simulatior® on a three-dimensional Ising antiferromagnet

with next-nearest-neighbor interaction shows no evidence for (a) (b)

a decomposition of a TCP into a CEP and BCEP. Fhé A A

phase diagram shown in Fig(k) has attracted renewed the- CEP...-.

oretical intere$t® in recent years motivated by the \Tglva H) P _\@"\A'FII" P
discovery of a new boundary in thel-T plane of the meta- H BCEP
magnet FeB. (Tep, Hep)

The compound FeBrhas the hexagonal Cglistructure AF AFI
and exhibits an antiferromagnetic ordering below 14.2 K. In [T R
the ordered phase, spins incgplane are parallel which are T T T Tn
aligned antiparallel with spins in the adjacent planes along
thec axis. TheH-T phase diagram of FeBrhas been deter- FIG. 1. (8 Magnetic field H) vs temperature ) phase dia-

mined from magnetlc'measurem.eh‘.ﬁ.l Qualitatively, the  gram of a metamagnet. AF, antiferromagnetic phase; P, paramag-
experimental phase diagram is similar to the one shown imetic phase; TCP, tricritical point. The solid line represents a first-
Fig. 1(@) with a TCP atT;=4.6 K andH;=2.88 T. One  order transition and the dotted one a second-order transitim
important thing to be noted here is that the first- and secontdecomposition of the TCP into a critical end poi@EP and a
order lines in FeBy do not meet smoothly at the TCP as the bicritical end point(BCEP predicted by a mean-field theory.
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gram of FeBp determined from the specific heat measurements
(Ref. 13. The magnetic field is applied parallel to the easy axis

@ ro (c axis).
parallel alignment between the neighboring spins along the
O Br c axis.

The electronic ground state of Fe in FeBr, is a triplet,
the lowest excited state lying 100 cm™ ! above it. Thus, the
effective Hamiltonian describing the low-temperature prop-
form of a peak superposed on a broad shoulder, indicatingrties of FeBp is written as®
the occurrence of a phase transition at this boundary.

By Monte Carlo simulations, Selke and DasgSpizere
able to reproduce the two anomalies in the temperature de-
pendence of botdM/dT (the derivative of dc magnetization
with respect to temperatyrandC,, in the applied magnetic
field observed in FeBr. The physical origin of these anoma-
lies originates from the interplay of the effectively weak cou-
pling in the c plane and the coupling to several sites in ad-
jacent ¢ planes®’ Starting from the infinite-dimensional
Hubbard model with uniaxial anisotropy, Hett al® have
obtained theH-T phase diagram schematically shown in Fig.
1(b) which, they claim, is qualitatively very similar to the
experimental phase diagram of FeBr

In order to get a deeper understanding on the phase tran-
sition in FeBr,, we have performed neutron-scattering ex-
periments under applied magnetic fields. The neutron-
scattering technique has an advantage over the other ones in

FIG. 2. Crystal structure of FeBr

H=2, D{(S})?-2/3}

+iz>j {_(Z/ﬂ)JijS,ZSjZ—ZJ”(SXS}‘+S?’sj}’)}, (1)

with S=1. Here,D is the energy difference between the
doublet and singlet in the lowest triplel,; is the exchange
interaction constant, ang is a constant describing the an-
isotropy in the exchange interactions. All the parameters in
Eq. (1) have been determined from the neutron inelastic scat-
tering study® to be

2J,=0.152 THz,

2J,=—0.051 THz,

that it measures directly the order parameter, thus providing 2)'=-0.06 THz, @)
us with an important information on the phase transition. D= —0.22 THz

The format of this paper is as follows. In Sec. Il the mag- : ’
netic properties of FeBrand relevant information are given. 7=0.78,

The experimental details are given in Sec. Ill. The experi-
mental results are given in Sec. IV. The last section is dewhereJ; andJ, are the nearest- and next-nearest-neighbor
voted to a discussion. exchange interaction constants in thelane, respectively,
andJ’ is the exchange interaction constant between planes.
As one can recognize, the first term in Ef). has the form of
a single-ion anisotropy with the easy axis along thaxis

The compound FeBrhas the hexagonal Cglistructure  which is taken to be parallel to theeaxis of the crystal. The
(ng) shown in Fig. 2. The structure consists of’Fdayers  value ofD is larger than that o’ and this is the reason why
which are sandwiched by two Brbilayers along the axis.  FeBr, exhibits a metamagnetic transition.
The lattice constants at room temperature are3.772 Figure 3 shows théi-T phase diagram of FeBrdeter-
A and c=6.223 A. From a specific heat measuremra, mined from the specific heat measureméntn zero field,
magnetic ordering occurs at 14.2 K in zero field. The mag-only one sharp anomaly i€, was found at the Ned tem-
netic structure determined from neutron scattéfiig such  perature Ty) of 14.2 K being consistent with the previous
that spins in the plane are parallel to each other with anti- work.** As H increasesT decreases. For 1.4JH< 2.9 T,

II. PRELIMINARY DETAILS



11 468 KATSUMATA, ARUGA KATORI, SHAPIRO, AND SHIRANE 55

another anomaly il€, appears in the form of a peak super- FeBr, (2,0,1/2)
posed on a broad shoulder. The peak becomes sharp with the 14000 2

increase of the magnetic field up to 2.9 T, which shows the —~ o ,B,‘I_ ! ! H/le .l 0.00T
; ; g o Lg 4V 8] g, s 1.00T
existence of a new phase boundary. Below 1.4 T, it was 12000 R . -
. . E _Cg‘%o- LI ® e }'Ffsnuﬁ.'oo 2 1.50T
unable to resolve the two anomalies. THeT phase diagram i %m0 gt T e e 175T
shown in Fig. 3 is quantitatively the same as the one deter- § 10000 — Yo " Pt e « 225T |
i i e%-l — ° L] ‘o bR 0%, o 250T
mined from the magnetic measurements. y oL m ofs ate . 330T
£ s000|- Cend, oo’ N
lll. EXPERIMENTAL DETAILS 3 Vv, o0, ™ o o
The single crystal of FeBrwas grown by the Bridgman Z 6000 — T BT . —
technique. The powders of FeBwere obtained by a direct § i ° L et
reaction of Fe(Johnson Matthey, Specplireith HBr gas S 4000 AL 4 S T AR
(Matheson, 99.8% After the reaction, the powders were | | | |
packed into a quartz ampoule and heated up to 800°C under 6 8 10 12 14 16
a stream of HBr gas for a further purification. The dimen- Temperature (K)

sions of the single crystal used in this experiment were about
10 mmx 15 mmx 3 mm. The crystal consisted of a few do-  FIG. 4. Peak intensity at2,0,1/2 vs temperature for different
mains. magnetic fields.

The neutron-scattering experiments were carried out on
the H4M triple-axis spectrometer at the High Flux Beamlinearly onT/Ty(H) above 2.25 T. These results suggest that
Reactor of the Brookhaven National Laboratory. The hori-we have another phase transition in addition to the one at
zontal collimator sequence was 280'-S-20'-80". A pyro- ~ Tn(H) in the high-field region: If we had only one phase
lytic graphite filter after the sample was used to eliminatetransition, all the data points measured in different fields
higher-order beams. The phase diagram discussed above céhould lie on a universal curve when the temperature is
responds to the field applied along thexis. Because of the scaled withTy(H).
antiparallel arrangement between neighboring spins along We show, in Fig. 7,1(2,0,1/2 versusT scaled by the
the ¢ axis, the magnetic reflections all contain half integertemperaturg T,(H)] at which an anomaly in specific heat
Miller indices | =(2n+1)/2 (n an intege). The crystal is has been observétfor H=1.75 T, 2.25 T, and 2.50 T. We
mounted in a flow cryostat inside a vertical superconductingsee that the data points fall on a universal curve at low tem-
magnet. In order to study the magnetic reflections with theperaturesT/T;(H)<1. On the other hand, they are not on a
field applied along the axis, the crystal is tilted by-4°  universal curve at high temperatur€sr,(H)>1.
about the[110] direction within the cryomagnet, and so the  Figure 8 shows (2,0,1/2 versusH measured at the des-
c axis makes an angle of 4° with respect to the field di- ignated temperatures. Here, we subtracted the intensity at
rection. This slight tilting of thec axis does not alter the T=20 K as the background. In Fig. 9 is show2,0,1/2 as
H-T phase diagram because the componerti gfarallel to ~ a function ofH scaled by the critical fieliH(T,)] at which
the ¢ axis is~Hcos4°=0.998H. This orientation allows us an anomaly inC, has been observed. The data points ob-
to study the(2,0,1/2 magnetic Bragg peak as well as the served at low fieldd4/H(T,)<1 fall on a universal curve.
orthogonal(1,1,0 nuclear peak. The data at high fieldsl/H(T,)>1, on the other hand, are

not on a universal curve.

IV. EXPERIMENTAL RESULTS

Figure 4 shows the temperature dependence of the inten- 0.010 P
sity (1) of the (2,0,1/2 antiferromagnetic Bragg scattering C FeBr2
for different magnetic fields. Since the linewidth of the 0.009

(2,0,1/2 scattering does not depend much ®mor H as = . é
shown in Fig. 5, we plot in Fig. 4 the peak intensity. The E 0.008 !-f_ﬁ é é é

T
HED@-
HEERH
1

width is almost resolution limited. It is evident that the ex-

Lol

resolution

ternal field changes drastically the temperature dependence T g0y o T=6.0K
of the intensity. E - O T=8.0K ]

In order to see the effects of magnetic fields on the tem- 0.006 | e T=10.0K ]
perature dependence b§2,0,1/2 more clearly, we plot in C A T=12.0K ]
Fig. 6,1(2,0,1/2 as a function ofT scaled by the respective T
Neel temperaturd Ty(H)] in applied magnetic fields ob- 0'0050.0 05 10 15 20 25 30 35
tained from the specific heat measuremenat low fields Magnetic Field (T)

(H=1.0 T) the temperature dependencel (#,0,1/2 shows
the behavior typical of an antiferromagnet in whithde- FIG. 5. Linewidth (full width at half maximum vs magnetic

pends on the square of the sublattice magne_tization. At higheld of the (2,0,1/2 magnetic Bragg peak measured along the
fields (H>1.50 T), however, the data do not lie on the typi- [h 0 1/2] direction at several temperatures. The widths were ob-
cal curve below about/Ty(H)=0.95 and depends almost tained by Gaussian fits to the data.
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T+ andTy in theH-T phase diagram, which emerge from the
FIG. 6. Peak intensity at2,0,1/2 vs reduced temperature pjcritical end point. AtT; the temperature dependence of
T/Ty(H). Here, Ty(H) represents the Nt temperature in respec- q\/dT shows an anomaly for fixell. On the other hand,
tlv_e magnetic field determined from the specific heat measurements,  fie|d dependence dM/dH shows an anomaly &, for
(Fig. 3. fixed T. Also, the field dependence of the staggered magne-
tization exhibits an anomaly t,.” The results of the mag-
netic measuremeritshow that the anomaly ig” (and prob-
From Fig. 6, we see that all the data measured in differenably an anomaly irdM/dT) occurs atT,(H) in Fig. 3 at
fields lie on a universal curve above abdufly(H)=0.95.  which an anomaly inC, has also been observed. Figure 9
This means that the character of the transition from the parashows that an anomaly in the staggered magnetization, which
magnetic to antiferromagnetic phase does not change witts proportional to the square root ©2,0,1/2, appears at
H. The transition which is of second order occurs at theH(T,) or, equivalently, aff,(H). These facts indicate that
phase boundary denoted By(H) in Fig. 3. either the linesT+ and Ty merge into the linél;(H) in Fig.
From Fig. 7, we see thd{2,0,1/2 measured at the des- 3 or they are absent in FeRr
ignated fields changes with temperature in two steps indicat- Based on the former idea, the liflg(H) is not a true
ing the existence of a boundary arouffll;(H)=1. Figure phase transition line but represents the positions at which
9 gives further evidence for the existence of the boundary atoncritical spin fluctuations occdr.However, a sharp
H(T,) or equivalently aff;(H) where the intensity changes anomaly inC, has been observed @(H) in high fields®®
abruptly. indicating the occurrence of a phase transition at this bound-
Selke has predicted from the mean-field calculation on aary. Based on the latter idea, we see close similarity of the
simple cubic Ising model that there exist two lines called

V. DISCUSSION AND CONCLUSIONS

FeBr, (2,0,1/2)
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FIG. 9. Reduced peak intensity @,0,1/2 vs reduced magnetic
FIG. 7. Peak intensity a{2,0,1/2 vs reduced temperature field H/H(T,) for the designated temperatures. Heé(é] =0) is the
T/T,(H). Here,T1(H) is the temperature at which an anomaly in peak intensity at2,0,1/2 measured in zero field and(T,) is the
specific heat has been observ&i. 3. magnetic field giving an anomaly in specific heafTat(Fig. 3).
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experimentaH-T phase diagram shown in Fig. 3 to the the- above considerations, we conclude that the experimétal

oretical one shown in Fig.(I). T phase diagram of FeBris close to the one shown sche-
We call the layers with positive magnetic momeiits  matically in Fig. 1b). We tentatively locate the bicritical end

H) the + layers and the ones with negative moments thepoint at T,= 10.8 K andHy= 1.4 T based on théi-T

— layers. In zero field, the magnetizatiom() in the + phase diagram shown in Fig. 3.

layers and that in the- layers (n_) are oppositely directed | conclusion, we have studied the magnetic phase tran-

and their magnitudes are equal. For finkte in the AF | sjtion in the metamagnet FeBrunder external magnetic

phase of Fig. (b), m,>m._ yet they are oppositely directed. fie|ds by the neutron-scattering technique. We find an

On the other hand, in the AF Il phase, #m_ and they are . anomaly in the temperature dependence of the intensity of

parallel. In the regiorH <H.,, whereH is the BCEP field, the (2, 0, 1/2 antiferromagnetic Bragg scatteringTat(H) in

the transition between the AF | and AF Il phases is continuyzqgition to that affy(H). We conclude that thél-T phase

ous. This is consistent with the result shown in Fig. 6 iNgiagram is close to the one shown schematically in Fig) 1

which only one anomaly in the temperature dependence Qfiih a BCEP located dl,= 10.8 K andH,= 1.4 T.
1(2,0,1/2 has been observed &t (H) below about 1.5 T.

This is also consistent with the fact that only one anomaly in
C, has been observed below about 1.4°Tt high fields
(H>H), the transition from the AF | to AF Il phase is
expected to be of first order. Experimentally, no jump in  This work was partially supported by the U.S.-Japan Co-
sublattice magnetization is observedTa{H) as shown in operative Program on Neutron Scattering operated by the
Fig. 7. This is probably due to demagnetization effects whichJ.S. Department of Energy and the Japanese Ministry of
give rise to a region where the AF | and AF |l phases coexistEducation, Science, Sports and Culture, by the Special Co-
A sharper change in the sublattice magnetization is observeatdination Funds of the Science and Technology Agency of
at H(T;) when measurement is done under fixed temperathe Japanese Government, and by the NEDO International
tures(Fig. 9). This is understandable from the curvature of Joint Research Grant. Work at Brookhaven National Labora-
theT,(H) line in Fig. 3. The coexistence region is narrowertory was carried out under Contract No. DE-ACO02-
along theH direction than along th& direction. From the 76CHO00016, Division of Materials Science, U.S. DOE.

ACKNOWLEDGMENTS

1For a review see J. M. Kincaid and E. G. D. Cohen, Phys. Rep. D. Bertrand, J. Magn. Magn. Matet40-144 1557 (1995.
22, 57 (1979; E. Stryjewski and N. Giordano, Adv. Phy26, 10A. R. Fert, P. Carrara, M. C. Lanusse, G. Mischler, and J. P.
487 (1977). Redoules, J. Phys. Chem. Solig4, 223 (1973.
2K. Katsumata, ifVlagnetic Properties of Halidegdited by H. P.  1'C. Vettier, H. L. Alberts, and D. Bloch, Phys. Rev. L&, 1414
J. Wijn, Landolt-Banstein New Series, Group Ill, Vol. 271, pt. (1973.
9 (Springer-Verlag, Berlin, 1994p. 1, and references therein. 2J. Pelloth, R. A. Brand, S. Takele, M. M. P. de Azevedo, W.

3K. Motizuki, J. Phys. Soc. Jpri4, 759(1959. Kleemann, Ch. Binek, J. Kushauer, and D. Bertrand, Phys. Rev.
4Y. L. Wang and J. D. Kimel, J. Appl. Phy89, 6176(1997). B 52, 15 372(1995.
SH. J. Herrmann and D. P. Landau, Phys. RevA& 239 (1993. 13y, Aruga Katori, K. Katsumata, and M. Katori, Phys. Rev5&
5W. Selke and S. Dasgupta, J. Magn. Magn. Mafet7, L245 R9620(1996.
(1995. M. C. Lanusse, P. Carrara, A. R. Fert, G. Mischler, and J. P.
"W. Selke, Z. Phys. BL01, 145(1996. Redouls, J. Phys(Parig 33, 429(1972.
8K. Held, M. Ulmke, and D. Vollhardt, Mod. Phys. LetOB, 203 M. K. Wilkinson, J. W. Cable, E. O. Wollan, and W. C. Koehler,
(1996. Phys. Rev113 497 (1959.

9M. M. P. de Azevedo, Ch. Binek, J. Kushauer, W. Kleemann, and®W. B. Yelon and C. Vettier, J. Phys. & 2760(1975.



