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Magnetic phase diagram of the diluted metamagnet RgygMgg 0B -
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O. Petracic, W. Kleemann, T. Katoand Ch. Binek
Laboratorium fu Angewandte Physik, Gerhard-Mercator-UniversjtB-47048 Duisburg, Germany
(Received 7 June 2000; revised manuscript received 13 November 2000; published 14 Majch 2001

The axial magnetic phase diagram of the antiferromagngsvig, oBr is studied by specific heat, super-
conducting quantum interference device, and Faraday rotation techniques. The diamagnetic impurities give rise
to random-field criticality along the second-order phase ¢T) betweenTy=13.1 K and a multicritical
point atT,,~5 K, and to a spin-flop line betweéen,, and the critical end-point temperatufg~3.5 K. The
phase lineH(T)<H(T) ending atT,, is probably due to symmetric nondiagonal exchange.

DOI: 10.1103/PhysRevB.63.132408 PACS nuni®er64.60.Kw, 75.25+z, 75.30.Kz, 75.50.Ee

The magnetic phase diagram of the antiferromagneti@nisotropy of the exchange interaction, while the uniaxial
(AF) insulator FeByj has attracted appreciable interest in re-single-ion anisotropy should be less affected by ionic re-
cent years. It is much more complex than that of the related placements. Moreover, they break the translational symmetry
metamagnet FegP?® In the hexagonal unit cell of FeBr and thus allow nondiagonal exchange interaction to become
ey an effective source of transverse spin ordefing.

In this paper we present data revealing the effect of Mg
ions doped at a low levet=0.05. First, theH; phase line
reappears as in the case of pure RglRef. 1) and seems to

[space groupD3,=P3m1, Neel temperatureTy=14.1K;
see Fig. 1a), insel, adjacent(001) layers of Fé" ions are
separated by two layers of Brions. The spin directions at
low temperature§ <Ty and in zero external magnetic field
H are conventionally assumed to point parallel and antipar-

allel to [001], respectively, from layer to layer, thus giving 4 H, .',4" Hoo4f @)
rise to a Nel-type ground state with “up” and “down” spin I AP & t pm
sublattices as in Fegl (space group ng:R3m, Ty s H 7
=23.7K). However, while FeGlreveals a classic tricritical FHe MmcP “\. AFil °
point on itsH-T phase liné;® FeBr, behaves in a more com- 2| W N\ -
plicated fashiorfFig. 1(a)]. At AR n%
Similarly as in Fed], the linesH.; andH., denote the 1o i
phase transition of first order from AF long-range order to < = 3'2
the paramagneti€PM) saturated phase via a mixed phase [ e<E=* Fe” T,
(AF+PM). However, above the multicritical-poirfMCP) E 2 — " — .. '
temperatureT,,=4.6 K, apart from the critical phase line - ' ;’,X;“ Ho )

H.(T), regions of strong noncritical fluctuations are encoun-
tered. They peak along lines denoted-as(T) andH . (T),
respectively* In addition, a first-order phase transition line
H,(T) is revealed by specific heat measuremeirtshe vi-
cinity of H_(T). Recently by using neutron scattering
transverse AF ordering was observed in both phases AFI and
AFII, as depicted schematically in Fig(al by tilted arrows.

The transverse order parameter, which exhibits a peak at
T,=T(H,), does not vanish in zero field and vanishes upon
approaching the critical lineH.(T). In addition, a weak 5 TIK]

transverse ferromagneti&M) moment, which appears be-

low T,, is considered as a secondary order parameter of FIG-1.H-T phase diagrams of FeBfa) and F@ egVgo.oBr> (b)
phase AFI presented by interpolated lines and data padis¢ée Ref. 1 and text,

rlespectively, for detai)s H;,, Hgeq and H, are first-order phase

d Sm.cff EOT Fthg experltq‘llinta]! datz gnd the Itfleoretlca“nes with upper boundaries of the corresponding mixed phékegs,
escription ot Febrp; are still far from being Complete, ex-— 54 Hgp,, respectivelyH_ andH . denote the lines of peak posi-

periments in order to clarify the situation are necessary. Begons of noncritical fluctuations. Critical poinCEP and MCF,
ing an anisotropic Heisenberg model system with a tendencyansition temperaturesT()), and phase$PM, SF, AFI, and AFI)
towards transverse spin ordering, it seems interesting to ingre indicatedsee text Tentative spin structures referring to adja-
vestigate the influence of diamagnetic impurities replacingent F&* layers[inset in(a) shows the unit cellare schematically
the F€" ions in FeBs. They are suitable to diminish the sketched by arrows.
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FIG. 2. (3) Magnetic specific heat,, vs T of Fe, gMgg o> FIG. 3. Semilogarithmic plot of the magnetic specific heats

H, measured af=10.0K (1), 8.0 K(2), 6.0 K(3), 4.0K(4), 3.5K
(5), 3 K (6), and 1.0 K(7). Phase transition fieldd., H;, Hgp1,
H.1, andH., and anomalie$i ;. are indicated by arrows.

measured at magnetic fieldssQ:yH=<3.2T. The transition tem-
peraturesT, and T, are indicated by solid and dashed arrows, re-
spectively (see text The insets(b) and (c) show hysteresis ob-
served atugH=2.25T upon zero-fieldZFC) and field cooling
(FO), and an enlarged detail ¢8). high enough external fields. A secondary peak emerges at
N . ] ] lower temperatures fonoH= 1.5 T[dashed arrows; see also
be stabilized by the intentional disorder. Second, thq:ig_ 2(c)]. It sharpens at intermediate fielggH~2.5T and
guenched randomness of the magnetic vacancy diStrib“tiO@isappears aioH>2.8T. In analogy to observatichmade

gives rise to random-fieldRF) effects, a well-known phe- FeBp, we attribute this peak to the AFI-to-AFIl phase
nomenon in dilute uniaxial AF compounds subjected to uni-

. . . AP transition. Its position designates the phase IHg(T),
form external axial magnetic fieldsThird, spin-flop-like which is plotted together wittH(T) in Fig. 1(b) (solid

transitions are observed below the multicritical point, where . . )
the phase line#l, andH, meet. This feature is discussed in circles. The prevpusly gonjecturédlrst—order n.ature of the
view of the revised spin structure of pure FgBrwhich anomaly aHy(T) is confirmed by the observation of hyster-
involves transverse spin components similarly as a classi€SIS in specific heat data recorded after zero-field cooling
spin-flop phase. (ZFC) and upon field co_ollngFC), respectivel\{ Fig. 2(_b)_]. _
The experiments were carried out on Bridgman-grown The phase diagram is complemented by data originating
samples with the nominal composition gggMgq oBr, as- from |stherm3:m vsH [I_:lgs. 3 and tb), open circles With
cleft parallel to planes perpendicular to the hexagarekis ~ decreasingT the intensity of the anomaly ai. becomes
with thicknesst~0.2 mm and mass~8 mg. Specific heat 9radually transferred to that &t (curves 1-3 This indi-
measurements were performed with an automatic microcald:ates that more and more entropy is spent at the AFI-to-AFI
rimeter (Oxford Instruments, MagLatin applied axial fields phasg transition of the transverse orqler parameters, while the
up to woH =4 T. Magnetometry was performed by means ofcontribution 'due to the decay of 'aX|a}I AF order g be-
the superconducting quantum interference dey®@UID) ~ comes less important. As shown in Figbj, the two phase
technique (Quantum Design, MPMS 5Sand locally re- lines H;(T) andH¢(T) meet atT,~5 K in a multicritical
solved Faraday rotatio(FR) in axial magnetic fields up to Point (MCP).
uoH=5T. The single peaks occurring beloly, at T=4 and 3.5 K
Figure 2 shows the temperature dependence of the magcurves 4 and bdenoted a$isg, vanish at the metamagnetic
netic specific heatg,,,, for axial magnetic fields & uoH  SPin-flip line below the critical end-poifCEP) temperature
<3.2T after subtracting the diamagnetic lattice background e~3.5K (see below. The flat background obeys the
measured separately in zero external field on a sample &flausius-Clapeyron  rule  for  latent  heat, 6Q
MgBr,. At H=0 a large\-shaped anomaly due to the AF- *(dH/dT),_y , at a magnetic first-order phase transition. It
to-PM phase transition is observedigt=13.10-0.05K. At vanishes at very low temperaturés<1 K along the nearly
H>0 it shifts towards lower temperatures along the phasdorizontal phase linél=H_ of the metamagnetic transition.
line H,(T). While its shape becomes more symmetric atTentatively, the lower bound of the corresponding coexist-
intermediate fields 185ugH<1.8T, rounding atugH ence region of the AF and PM phaseék,;(T), is located at
>2.25T indicates the absence of axial long-range order irthe kink point of thec,, vs H anomaly(Fig. 3, arrows. The
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FIG. 4. Field derivatives of the magnetizatiaiyl/dH vs H (a), FIG. 5. Susceptibility componengg’ vs T (8) and x” vs T (b)

and of the Faraday rotationl(FR)/dH vs H (b), recorded afa) recorded ajoH=0T (1), 1.0 T(2), 1.5T(3),20T(4), 2.2 T(5),
T=9.0K (1), 8.0 K(2), 7.0 K(3), 6.0 K (4), 5.0 K (5), 4.4 K (6), 2.4 T(E?), qnd 3.8 T(7). Anomaly temperature§_, T, , Ty, and
3.0K (7), and 2.0 K(8) and(b) 10.0 K (1), 6.1 K(3), 49K (5),and  'c are indicated by arrows.

2.1 K (7) on field increasing and 8.0 R), 5.7 K (4), and 4.3 K(6)
on field decreasing, respectively. The positionslef, H¢,, Hgrg,

able increase of thél eak is encountered d=4.9K
Hgeo, andH, are indicated by arrows. sF1 P

[Fig. 4(b), curve 5, solid squargs

The new “spin-flop-like” phase contrasts with a classic
broad anomaly at higher fields referring to the upperone, since the magnetization, when extrapolated to zero, does
anomaly lineH , (T),*® shifts towards lower fields on cool- not hit the field axis aH =0. We presume this to be related
ing and seems to merge intb.,(T) at the upper bound of to the nearby AFI and AFIl phases, which both possess
the AF-PM coexistence region. transverse AF spin components. The different phases meet-

Figure 4 shows derivatives of isothermal magnetizationing at the MCP might be described by the order parameters
curves,dM/dH vs H (a), recorded within 2T<9K. The L,, L, M,, andM,, whereL, M, a, andt designate AF,
peaks observed at>5 K [Fig. 4(a), arrow at curve 1des- FM, axial, and transverse, respectively. In analogy with
ignate the critical fieldH;(T) in perfect agreement with the FeBr,, ! we propose all of the four order parameters to exist
¢, data [Fig. 1(b), open squards At low temperatures in the “parent” phase AFI, while in the two “daughter”
(curves 7 and B the susceptibilitydM/dH maximizes and phases with transverse orderibg# 0, eitherM=0 (AFII)
behaves plateau like as expected for a first-order metamagt bothM;=0 andL,=0 (SP. In the PM phase all order
netic transition between the boundary valtitsg andH, of ~ parameters but the induced omé,, vanish.
the mixed AF+PM phasgFig. 1(b), crosshatched squafes The peaks in the isomagnetic ac susceptibility curyés,
The levels of curves 7 and 8 are smaller than expectedandy” vs T in Figs. 5a) and 3b), respectively, reveal values
dM/dH~1/N~1.1 (N=demagnetization facthrsince the of H.(T) (arrows, which fit well with the phase diagram for
transverse components of the AFI phase reduces the effectiveyH=<2.4 T[Fig. 1(b), crosse$ HereT.(H=0)=13.05K is
susceptibility. The situation changes fog~3.5K<T<T,, in good agreement with the caloric value ©f=13.15K
~5 K, where a sharp peak Bige; and the upper edge of the (Fig. 2). Large anomaliegarrows for ugH=<2.4 T are due to
subsequent plateau afige, define the lower and upper noncritical fluctuations aH _(T), while the flat peak ob-
bounds of a new “spin-flop-like”(SP phase[Fig. 1(b), served atugH=3.8T refers toH, (T) [Fig. Lb), tilted
crosshatched diamond#\t T~6 K the horizontal part of the cross.
dM/dH plateau starts to shrink as a consequence of the Isothermal ac susceptibility datg, vs H [Fig. 6(@)], con-
bending down of the second-order upper phase boundary tdirm the static magnetization onesM/dH vs H [Fig. 4(a)].
wards the MCP, where it meets the two first-orddr, and  Owing to the finite frequency= 20 Hz of the probing field,
Hspy and one second-ordeH() phase boundaries. however, the peaks &t are missing at low temperatures

The SQUID magnetometric results are confirmed by usdcurves 1 and 2 A slightly rounded peak emerging at higher
of FR. By probing very small sample volumes via a pinholeT characterize$i (T). The increase of’ atH>Hgg,in the
of about 50um diameter, blurring effects of concentration SF regime(curves 1 and Ris tentatively attributed to the
gradients are overcome. As a consequence, e.g., a considé@w-f dispersion of multidomain states compatible with the
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0.6

This explains its sharp appearance in the high-field range
moH~2.5T in bothc,, vs T (Fig. 2 andc,, vs H (Fig. 3).
Obviously, much more entropy is spent at the AFI-to-AFlI
than at the AFII-to-PM transition. As conjectured
previously! the AFI-to-AFIl transition is very probably due
to a strong increase of the transverse AF ordering accompa-
nied by the loss of the weak ferromagnetic transverse mo-
ment. One of the driving mechanisms is assumed to be the
symmetric nondiagonal exchange interaction, which is al-
lowed by symmetry in the trigonal point group of FgBr
However, as pointed out by Mukarfieind verified explicitly
for FeBr, ! its contribution to the free energy vanishes in the
case of ag=0 Neel-type ground state. Thus the appearance
of the H(T) phase line in pure FeBis still a puzzle
Tentatively, we propose that unavoidable defects like
stacking faults, which seem to be quite frequent in HdiRe
systems, break the translation symmetry in real samples of
FeBr, and thus activate the nondiagonal exchange to a cer-
3 tain extent. This tendency will be enhanced in a random solid
wH [Tl like FeyogMgg oBr.. We propose, hence, the strong anoma-
0 lies atH,(T) to be due to the loss of the threefold rotational
FIG. 6. Susceptibility componentg’ () and x" vs uoH () ~ Symmetry, which makes nondiagonal exchange effective.
recorded al =4.4K (1), 5.0 K (2), 6.0 K (3), 7.0 K(4), 8.0 K(5),  Since this mechanism virtually lowers the anisotropy of the
9.0 K (6), 10.0 K (7), 11.0 K (8), 11.5 K (9), 12.0 K(10), 13.0 K  system, even spin-flop-like transitions become possible in
(11), and 14.0 K(12). Anomaly fieldsH,, Heey, H_, andH, are  the low-T range. This is in our opinion the second drastic
indicated. effect of the magnetic dilution on the FeBsystem. Beyond
the transition lineHgg4(T), hence, strong axial susceptibility
is encountered before the system reaches the PM regime at

HseAT).

sixfold degeneracy of ;. The values oHggq, H., andH

are corroborated by well-resolved peaks df vs H [Fig. Unusually and not predicted by the mean-field theory of

G(b())’ open art1q Stc.’“d dlahmontc:ls ;n Flgflliﬂ]- ts of conventional anisotropic Heisenberg antiferromagiéts,
-ur investigations show that smail amounts o nonm""g'lrnetamagnetic regime evolves from the canted AFI phase at
netic impurities have drastic consequences on the magnet

{Gwest temperatures. Clearly, more thorough research of this
behavior of the parent compound FegBFirst of all, when P y: 9

. . L o SF phase and its adjacent critical poit@EP and MCP
subjected to axial magnetic fields, JsgMgo ofBr, exhibits 8 - goemg highly desirable. In particular, it will be interesting to
crossover from th_ree-dlmensm_nal fa.”don? exchange 10 REqhfirm these conjectures in future neutron scattering experi-
Ising model behavior. This manifests itself in a change of thements.
critical behavior of the specific heat from an asymmelric
shape atH=0 to a perfectly symmetric semilogarithmic one  Ch.B., W.K., and O.P. gratefully appreciate the hospital-
Cm*l0g1 T/Tc— 1| at uoH~1.8 T.” Dynamic roundingoc- ity of RIKEN (Japan and thank H. Junge for crystal growth
curs at higher fields until no anomaly is any longer observe@nd DFG for financial support. The work done in Japan was
at ugH>2.25T. supported by Grants-in-Aid from the Japanese Ministry of

Remarkably, the anomaly &t,(T), being due to trans- Education, Science, Sports and Culture and from the Hayashi
verse spin ordering, is not affected by the longitudinal RF's.Memorial Foundation for Female Natural Scientists.
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