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Magnetic phase diagram of the stage-1 CoGlgraphite intercalation compound:
Existence of metamagnetic transition and spin-flop transitions
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The H-T phase diagram of a stage-1 Ce@raphite intercalation compound has been determined from
measurements of the ac magnetic susceptibility, dc magnetization, and in-plane resistivity in the presence of an
external magnetic field along thleeplane perpendicular to theaxis. This compound undergoes two magnetic
phase transitions a., (=Ty=9.9 K) andT, (=7.7 K) atH=0. A metamagnetic transition occurs at a
critical point (T;~8.77 K, H3~270 Oe). A spin-flop transition occurs at the critical poifit£6.8 K, H,
~80 Oe) due to a competition between weak antiferromagnetic interplanar interactions and in-plane aniso-
tropic interactions. Two linesl , andH_ aboveTy are due to ferromagnetic short-range fluctuations.
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[. INTRODUCTION first interpretationH; is a spin-flop transition field. This pos-
sibility is ruled out because the spin flop to paramagnetic
A stage-1 CoCl graphite intercalation compoun(@IC)  transition at higheH has not been detected up to a field of
magnetically behaves like a quasi-two-dimensig2®) fer- 10 kOe. In the second interpretatiad, is a metamagnetic
romagnet with a weak antiferromagnetic interplanar extransition field. They concluded that the metamagnetic tran-
change interaction. The spin easy direction of Cdies in  sition is more likely in a stage-1 CoCGIC. The nature of
the ¢ plane, showing an easy-planXY) type anisotropy. the field-induced transition was also examined from mag-
The magnetic phase transition of a stage-1 GaBIC has  netic neutron scattering by Chouteaual® The intensity of
been extensively studied using magnetic neutron scatteringntiferromagnetic Bragg reflection @03) starts to decrease
dc and ac magnetic susceptibility, magnetization, and inat~400 Oe, and seems to disappear@00 Oe at 1.7 K.
plane andc-axis resistivity'~’ It has been revealed through  In spite of such success, so far the complicaledepen-
these studies that this compound undergoes an antiferromadence of ac magnetic susceptibility nday is not fully un-
netic phase transition at a BletemperatureTy (=9.9 K). derstood in terms of the above simple model. In fact,
Below Ty the 2D ferromagnetic Cogllayers are antiferro- Nicholls and Dresselhatishowed thaty’ has two peaks at
magnetically stacked along theaxis, forming a 3D antifer- 9.7 and 8.6 K, and that the absorptighhas a single peak at
romagnetic long-range order. In fact, Ikeetaal® measured 9.7 K. Yazami and Choute&ishowed thaty’ has a peak at
magnetic neutron-scattering intensities of a stage-1 £0CIl9.77 K and a shoulder at 8.22 K, and théthas two peaks at
GIC, and showed that relatively sharp antiferromagnetic®.77 and 8.22 K. These results suggest that an ordered phase
Bragg reflections appear at wave numb&gs=(2=/l )L, may exist belowT .
with L=3, 2, and so on, wheré, is the c-axis repeat dis- In this paper we have determined tHeT phase diagram
tance. The Bragg intensity £003) decreases as the tempera-of a stage-1 CoGl GIC precisely using superconducting
ture (T) increases, and tends to reduce to zero, indicating guantum interference devi¢€QUID) ac magnetic suscepti-
3D antiferromagnetic ordered beloW,. The transition is  bility and SQUID dc magnetization, and in-plane resistivity
somewhat smeared probably because of the islandlike natuii the presence of an external magnetic fielcalong thec
of this compound. The spin correlation length along the plane. TheH-T diagram thus obtained is much more com-
axis, &, is limited to be over about 20 CoClayers(~200 plicated than we expected. The antiferromagnetic phase tran-
A). Note that in a stage-1 CoCGIC, the CoCJ layers are  sition occurs at an upper critical temperatufg, (=Ty
formed of small islands, which is common to acceptor-type=9.9 K). A metamagnetic transition is observed at a critical
GIC’s. The peripheries of islands provide acceptor sites fopoint (T3~8.77 K andH;~270 Oe). Spin-flop transitions
electrons transferred from the graphite layer to the GoClare newly observed at pointS {~7.6 K, H;~8 Oe) and
layer3 (T,~6.8 K, H,~80 Oe) below a lower critical temperature
The magnetic phase diagram of a stage-1 G&&IC was T (=7.7 K). These results indicate that the ordered phases
studied by Nicholls and Dresselhaudhey measured the belowTy have several different spin structures depending on
field dependence of the dispersighof ac magnetic suscep- T andH. TheH-T diagram of a stage-1 CoLCGIC will be
tibility when an external magnetic fieldH) is applied along discussed in comparison with those of Ising antiferromagnets
the ¢ plane (perpendicular to the axis). They showed that FeCl, (Refs. 8 and 9and FeBj,°1*showing metamagnetic
the H dependence of’ exhibits a peak at a characteristic transitions. In FeGland FeBy, the 2D ferromagnetic layers
magnetic field H,~380 Oe) at low temperatures. Asis  are antiferromagnetically stacked along thaxis, forming a
raised, this peak becomes sharper and stronger in magnitu@® antiferromagnetic phase below thé elléemperature. In
and then disappears around 10 K just abdye They sug- spite of such similarities, the magnetic phase diagram of
gested two possible interpretations for the behavior. In théeBr, is much more complicated than that of FeCThe
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present study is motivated by a series of works onlattice magnetizations are parallel to thaxis, the free en-
FeBrp,. 1014 ergy of the system is given by = —X”HZ(Z— K, wherey
is the susceptibility along the axis andK is the anisotropy
Il. PRELIMINARY DETAILS energy. On the other hand, when the sublattice magnetiza-
tions lie in the &,z) plane, the free energy is given Iy,
In a stage-1 CoGIGIC, there is a single graphite layer = —,"H2/2 wherey! is the susceptibility along theaxis.
between adjacent CoClayers. Thec-axis repeat distance is The susceptibilityy| is not the same ag, which is the

9.38 A. The structure of the Coflayer consists of o susceptibility along the axis whenH is applied along the
layers which are sandwiched between two @Gyers along  ,yis At a critical fieldH ¢ defined by

the ¢ axis. The Co layers are formed of a triangular lattice
with an in-plane lattice constard=3.572 A15 The spin Her=[2K/ (x| —x1*2 3
Hamiltonian of stage-1 and stage-2 CoGIIC’s is written as
the free energy of the two states are eqig=F, ). Hence,
_ : 7 oz , _ for H<Hgg, the sublattice magnetizations are parallel to the
H= 2J<i2j> S-SJ+2JA<iZj> S-§+23 <%> S-S (@) z axis, whereas foH>Hgr the sublattice magnetizations lie
in the (x,z) plane. The change for the parallel to the perpen-
with a fictitious spinS=1/2, whereJ is the ferromagnetic  dicular orientation is called spin flopping. At=0 K, we
intraplanar _exchange interaction between the neareShayey, =0 from the definition. The susceptibility; can be
neighbor C8" pairs () in the same Co layed, is the  derived as follows. To this end we define the exchange fields
anlsotroEnc' exchange interaction favonr)gY anisotropy,  HM= _ AM, andHP = — AM, where|M,|=|M,|=M, A
and (—_J ) is the antlferromagnenc_ mterplanar_ exchange iN-is constant, andH(Ei)lz H‘é:AM. We also define the aniso-
teraction between the nearest-neighborf Cepairs (,k) in . (i)_ ND S
the adjacent Co layers. The valuesJodndJ, are assumed tropic field H/.* _(KMizl.M )z (i=1,2) which is directed
to be the same for stage-1 and stage-2 GoGIC's (J along thez axis. Whend is the angle betweeml and the>f
=7.75 K andJ,=3.72 K), while the value of’ for stage-1  @xis, the anisotropic field is expressed Bi{’=H3 sin 6z
CoCl, is much larger than that for a stage-2 CoGIC %  with H2=K/M. The condition that the resultant magnetic
For convenience, we introduce the equivalent figiasra-  field (H+HY+HY) should be parallel td; leads to a
planar exchange field, interplanar exchange field, 2¥d  relation
anisotropy fieldl defined by
H+HS sing—HYsing , H
2238 H’—ZZ,J,S 2238 @ tang= Ho P or sm6=m. (4)
JaMp , E JaMp Jcip , E C0S E A

respectively, wherg, (=6.40 andg. (=4.79 are the Lande Then x| can be obtained asy|=(M,+M;,)/H

g factors along the plane and along the axis, respectively, =2M sin@/H=2M/(2HZ-HQ)=1[A—K/(2M?)].  Using

z (=6) is the number of in-plane nearest-neighbor Co atomsthis relation fory| in Eq.(3), the spin flop fieldHg can be
andz’ (= 6) is the number of in-plane nearest-neighbor Coexpressed bydgg=[H2(2H2—HS)]*2 The magnetic field
atoms. The values d¢fi ¢ andHQ"" are estimated as 108.3 and H; at which the net magnetization saturates is defined by Eq.
70 kOe, respectively. The value Bif- is on the order of 380  (4) with §=m/2: Hg=2H2—HY. SinceHE—H%=2(2H2

Oe for a stage-1 CogIGIC (see Sec. VI Note that an —H2)(HZ—HY), the inequalityHse<Hg holds valid only
in-plane sixfold symmetry-breaking fieldy' is not included  for H2>HS . ForH2<HS, the metamagnetic transition oc-
in the above spin Hamiltonian. The value Idﬂ‘ is on the curs from the antiferromagnetic state to the ferromagnetic
order of 10 Og(see Sec. L Because oHY', the direction state atH= HY, whereF,r=F¢. The free energy of the

of spin in thec plane is limited to the angle given by system is described bif,r=—AM? for the antiferromag-
=(w/6)n (n=0,1, ...,5), where¢ is the angle between the netic state and b¥r=AM?—2HM for the ferromagnetic
spin and an in-plane crystalline a%s$’ The competitions state.

out

He

betweenH)! andH{ and betweerH and H3"' lead to the For the spin-flop transition, thel-T diagram consists of
occurrence of the spin-flop transition and the metamagnetign antiferromagnetiéAF) phase, a spin-flofSF) phase, and
transition, respectively. a paramagneti¢P) phase[see Fig. 1a)]. The boundary be-

tween the AF and SF phases is a first-order transition line,
while the boundaries between the SF and P phases and be-
tween the AF and P phases are second-order transition lines.
Here we present a simple model of the molecular fieldThese three boundaries meet a critical point. For the meta-
theory for the spin-flop transition and metamagneticmagnetic transition, thed-T diagram consists of an AF
transition’®1° For simplicity, we consider an antiferromag- phase and a P phafeee Fig. 1b)]. The boundary between
netic system where the sublattice magnetizatiodls @nd the AF and P phases is perfectly smooth at a critical point.
M) are collinear with the easy axig éxis) atH=0. When  The boundary at the high-side above the critical point is a
H is applied along the axis, the direction of the sublattice second-order transition line, while the boundary at the Tow-
magnetizations may rotate in the,¢) plane. When the sub- side below the critical point is a first-order transition line.

Ill. MOLECULAR FIELD THEORY
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FIG. 1. (8) SchematicH-T diagram for the spin-flop transition g
(H2>H?). The second-order critical linetP-AF, P-SF (solid o
lines) meet the first-order spin-flop linghe dotted lingtangentially =
at a multicritical point. Hg=2H2—HS and Hgp=[H3(2H2
- H,‘i)]l’z. (b) SchematidH-T diagram for metamagnetic transition
(H2<HY?). The second-order critical linghe solid ling meets the

first-order line(the dotted ling at a critical point.(c) Experimental i =

observation of a metamgnetic transitidtis an external magnetic 6 7 8 9 10 11 12

field andH; is an internal field defined by Eg@5). The demagne- T(K)

tizing effect opens the coexistence lifle-AF) into a coexistence

area of the AF phase and P phfg&F +P) phasé. See the details in FIG. 2. T dependence ofe) x" and(b) x" for a stage-1 CoGl

Sec. VI B. GIC (0=H=70 Oe).h=50 mOe.f=1 Hz. H1c (c is thec axis).
hlc.

Figure Xc) shows the schematid-T diagram for the meta- ) , N .
magnetic transition experimentally observed. The appliedd absorptior(y") were measured with increasirigfrom

field H is different from the internal fieldd; by 1.9to 18 Kin the presence &f (0O<H=10 kOe), where the
frequency of the ac field wals=1 Hz and the amplitude of
H,=H—NM(H,), (5)  the ac field wadi=50 mOe.

The in-plane resistivity was measured by a conventional
where N is the demagnetizing factor of the system andfour-probe method using an external device control option of
M(H;) is the magnetization as a function bf,. See the the SQUID magnetometer. Two pairs of gold wires as the
detail of theH-T diagram in Sec. VI B. Typical examples of current and voltage probes were attached to the sample by
a spin-flop transition and a metamagnetic transition were resilver paste(4922N, du Pont The current was supplied

ported for Mnk (Ref. 20 and FeCJ,2* respectively. through the current probes by a Keithley type 224, program-
mable dc current source. The voltage generated across the
IV. EXPERIMENTAL PROCEDURE voltage probes was measured by a Keithley 182 nanovoltme-

ter. The measurements @f were made with increasing

We used a sample of a stage-1 CoGIC with a stoichi-  from 1.9 to 20 K and then with decreasifigrom 20 to 1.9
ometry of G ¢4CoCkL. The density of this system is calcu- K in the presence ol (O=H=10 kOe) along the& plane.
lated asp,,=2.06 g/cni. The dimension of the sample used
for the magnetic measurements wasBmnt in the c plane
and 0.2 mm in thickness along tleeaxis. The ac magnetic
susceptibility and DC magnetization were measured using a We have measured the dependence of’ and " at H
SQUID magnetometdQuantum Design, MPMS XL-5with =0 for a stage-1 CoGIGIC, whereh=50 mOe and fre-
an ultra-low-field capability as an option. A field-cooled quencyf is varied between 0.01 and 1000 Hz. The dispersion
magnetization 1 -c) was measured with decreasifigrom  x' has a peak at 9.85 K independentfpfand a shoulder
25 to 1.9 K withH, where the sample was annealed for 10around 8 K. The absorptioy’ has a sharp peak at 9.9 K
min at 30 K in the presence d¢f along thec plane before independent off, and a broad peak at 7.59 K &t
measurement. Thel dependence of zero-field-cooled mag- =0.01 Hz. This broad peak i shifts to the highT side
netization Mzgc) at fixed T was measured with increasing with increasingf: 8.0 K atf=1 kHz. Figures 2—4 show the
H from 0 to 1 kOe, where the sample was cooled from 298 KT dependence of’ and y” for a stage-1 CoGIGIC in the
to T at H=0 before the measurement. The disperdigh presence oH along thec plane, whereh=50 mOe andf

V. RESULT
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GIC (100=H=500 Oe).h=50 mOe.f=1 Hz. HLlc. hLc. GIC (1<H<5 kOe).h=50 mOe.f=1 Hz. HLc. hLc.

=1 Hz. The absorptiory’ has two peaks at 9.9 and 7.7 K at K, and a local maximum at 9.20 K. This local maximum
H=0. For convenience hereafter these peak temperatures shifts to the lowT side with increasingd and disappears
X' are defined as an upper critical temperatligg (=T above 300 Oe.
=9.9 K) and a lower critical temperatufe, (=7.7 K), re- Figure 8a) shows theH dependence of the zero-field-
spectively. Note that the peak temperatuiig€9.9 K) at cooled(ZFC) magnetizatiorM zg along thec plane at fixed
H=0 shifts to 9.7 K even ati=1 Oe. Such a drastic shift T. First the sample was cooled from 298 K Toat H=0.
of T, with H may be related to the symmetry breaking of Then M- at T was measured with increasirg from 0
XY anisotropy, but is not well understood at present. Theao 1 kOe. In Fig. €b) we show theH dependence of
peak height ofy" atH=0 drastically decreases with increas- dM,rc/dH at eachT, which is obtained from Fig.(®). The
ing H. This peak becomes a shoulder above 6 Oe and disaplerivativedMyg-/dH for T=4.5 K shows a sharp peak at a
pears above 40 Oe. The peakTa} becomes broader with low field Hj=15 Oe and a broad peak at a high fiéfg
increasingH and disappears above 700 Oe. Another peak=375 Oe. The value dfl, is almost the same as that of the
appears at higher than 10.5 K above 100 Oe, shifting to the peak field ofy’(H) reported by Nicholls and Dresselhaus.
high-T side with further increasingl. The lower fieldH, decreases with increasifigand reduces
In contrast, the dispersiofl has a peak at 9.85 K close to to zero around’,. In contrast, the higher field, decreases
Ty and a broad shoulder around 8.5 KH=0. The peak at  with increasingT and reaches 300 Oe at 8.5 K. It tends to
9.85 K shifts to the lowF side with increasingd (down to  reduce to zero aroundy .
3.1 K atH=2 kOe). The shoulder around 8.5 K changes Figure 7a) shows theT dependence of the normalized
into a peak only for sH=<20 Oe. Another peak appears at in-plane resistivityp/p, for a stage-1 CoGIGIC at various
T higher than 10.15 K above 700 Oe, shifting to the high- H’s along thec plane, wherep, is the in-plane resistivity at
side with further increasingl. H=2 kOe andT=2K. The in-plane resistivity in the pres-
Figure Ha) shows theT dependence of the field-cooled ence ofH is measured with increasinf from 1.9 to 20 K
(FOC) magnetizatiorM ¢ along thec plane. The magnetiza- [p(T7)] and with decreasind@ from 20 to 1.9 K[p(T])].
tion Mg was measured with decreasiiigrom 20 to 1.9 K We note that the value ¢f(T|) is smaller tharp(TT) below
in the presence off along thec plane. The magnetization a characteristic temperatufg for 350<H <700 Oe, show-
Mec shows a peak aroundly for H=300 Oe, but it in- ing an irreversible effect of in-plane resistivity. The value
creases with decreasifigfor H=400 Oe. Figure &) shows of T, is dependent omd. Figure 7b) shows theT depen-
the T dependence ofdMg./dT for various H's. At H dence ofd(p/py)/dT. TheT derivatived(p/pg)/dT shows a
=5 0Oe,dMgc/dT has two local minima at 8.48 and 10.01 local minimum at 9.4 K aH=0. This negative peak shifts
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FIG. 5. T dependence dfa) Mg and(b) dMg/dT at various
H'’s for a stage-1 CoGIGIC. HLc. FIG. 6. H dependence afa) Mzgc and(b) dMzg-/dH at vari-

ousT’s for a stage-1 CoGIGIC. HLlc.

to the lowT side with increasindd, and disappears above ¢qioys. (i) A metamagnetic transition occurs at a critical

650 Oe. point (T3=8.77 K, H;=270 Oe), which is the intersection

of the linesH,, H¢s, He7, andH,. The linesH, andH g
denote the phase boundaries from the AF phase to the P
phase via a mixed phas@F+P). The region above the
boundaryH 5 is the P phasdi 5~1.7 kOe at 3.3 K(ii) The

line H. connecting between the two poiftsTy, H=0) and

(T3, Hy)] is a second-order lindiii ) The lineH .5 smoothly

VI. DISCUSSION
A. Overview of the H-T diagram

We have determined theé-T diagram of a stage-1 CogLl
GIC. Figure 8 shows the overafl-T diagram of a stage-1 . ; o . .
CoCl, (%IC. Since the antiferromagngtic interplanzgr ex-Joins to the lineH,; at the critical ,pomt s, Hy). The line
change interaction is very weak, the entire phase diagram i?“ Intersects W't.h thel axis atTy (=9.25 K) below Ty .
accessible below 2 kOe. Figuresa8-9(d) show simplified 1v) The local minimum oft(p/po)/dT occurs only near the
H-T diagrams for several regions in thd,d) plane. In ImesHC?_andHCs. (v) At high temperatures above, there
Figs. 8 and 9 the peak temperatures §6vs T and y” vs T Ere t\gﬁ' Iln_eiodigote(: %ZSarl](d 'L'f é_IH* =7 kOte at.1§.5:3
with f=1 Hz and h=50 mOe are denoted by open and andr- = Fipitess - SIN@l SEemS 10 otiginate

. . . from a point Ty, H=0). The origin of linedH, andH _ is
closed circles for eact, respectively. The peak field of 4 o tg ferromagnetic short-range fluctuations which is non-
dMzec/dH vs H are denoted by open squares for edch

' P critical. Similar lines are observed in the paramagnetic re-
The local-maximum and local-minimum temperatures ofgion of (T,H) plane in FeBs.2%1*The discussion on these

dMgc/dT vs T are denoted by closed triangles for edth  |ines was given in Ref. 1Qvi) A spin-flop transition occurs
respectively. The local-minimum  temperatures  ofat a critical point T;~7.6 K, H;~7 Oe) [see the inset
d(p/po)/dT vs T are denoted by crosses. In FigaR for  of Fig. 9c)], which is the intersection of the linds$.; and
comparison, we also show the-T diagram obtained by H_,. (vii) A spin-flop transition occurs at a critical point
Nicholls and Dresselhadsvhere the peak field of’ vsHis  (T,~6.8 K, H,~80 Oe), which is the intersection of the
denoted by open diamonds for eathWe note that the peak linesH., andH.; [see Fig. 8a)]. (viii) A spin-flop transition
field of x'(H) is in good agreement with that dM,gc/dH may occur at a critical pointT,~9.3 K, Hy,~7 Oe) [see
vs H. Fig. 9d)].

For convenience, the phase boundaries are denoted by the _ N _ N
linesH; (i=1-7),H., H, , H_. The nature of these lines B. Spin-flop transition and metamagnetic transition
will be discussed in Secs. VI B and VI C. The features of the We discuss the nature of the spin-flop transition at the
H-T diagram shown in Figs. 8 and 9 are summarized asritical point (T,, H,) and the metamagnetic transition at the
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T(K) ferromagnetic short-range fluctuations.

FIG. 7. T dependence of normalized in-plane resistiyity for ) ' " .
a stage-1 CoGIGIC for variousH's, which is measured with in- second-order line. On the first-order transition line, the mag-

creasingT and decreasing between 1.9 and 20 Ko, is the in- netizationM discontinuously changes from 0 to the satura-

plane resistivity aH =2 kOe andT=2 K. HL c. (b) T dependence UOU magnetizatioM s corresponding to that of the ferromag-

of d(p/po)/dT for variousH'’s, wherep is obtained from the mea- Nnetic phase. In real systems, because of the geometry the

surement with decreasirfy internal magnetic fieldH; is no longer equal to the external
magnetic fieldH,? and is given by Eq(5). The demagnetiz-

critical point (T, Hs) [see Fig. 8)]. In a stage-1 CoGl ing effects open the coexistence line into a coexistence area

GIC, three competing fieldd!', HZ, andHS"! contribute to f)f AF apd P phasefthe (AF+P) phasg for the correspor}d—.

the field-induced transitions. Sinee<H3", the direction of ng plot in the (I.—'H) plang, where the two p'has.es coexist in

spins along thec axis is energetically unfavorable. In this \z;asri/zlargl]?a T?gg:g;??ﬁ] (':'3 l(i:;].tﬁes Egz\ggz;rz/?giﬁ)efr?rthe

4 " ! - , ca
sense the field transitions haveX& character. As described AF phase andAF+P) phase and linéd g is the boundary

in Sec. Ill, the competition between two fielkd=HL and between thgAF+P) phase and the P phase. The values of
H3=HY (Ht>HY) leads to a spin-flop transition at the H : g Y

A . . . X c4 and H¢s are described byH 4,=H{ and Hs=Hg
qntlcal point (T,, H,) [see Fig. 1a)]. .The §p|n—ﬂop transi- +NAM., whereAM = AM .p-. /W, AM. (in units of emu/
tion between the AF and SF phases is of first order. Hpe Como) is the change of the measured magnetizatiofT at

meets lineH .3 tangentially at the critical pointT,, H,). between linesd ; andH s, pry (=2.06 glcrd) is the density,

Note that the boundary between the SF and AF phases is n%dW(:197.46 g/Comalis the gram weight of the system
observed in the present work, partly because of the first-orderger Co mole. Experimentally we have,~350 Oe and
. c4™

transition. The spin-flop field &=0 K can be described by H.s~1000 Oe atT=6 K. From Fig. Ga we haveM,
Ho=[(2HL—HMHIN Y2~ (2HLHIN) Y2 (6) =9788 (emu/Co mol) z_iHC5 and M ,=4320 (emu/Co mol
atH., for T=6 K, leading toAM,=5468(emu/Co mo) or
The transition between the SF and P phases, which is of M =57.0 emu/cri. Then the demagnetization factor can
second order, occurs on the lindg;: H=2Hg—HY  be estimated a=11.4 (N/47=0.9), which is much larger
~2H¢. In Fig. 9a) we find H,=80 Oe atT,=6.8 K and than that predicted from the geometry of the sample. Such a
H.3=500 Oe afT=6.14 K. large N is partly due to the fact that our sample is highly
In contrast, the competition between two field%=H|’5 nonellipsoidal in shape, thus giving rise to a large distribu-
andHS=HS" (HL<H2"Y) leads to the metamagnetic tran- tion in internal fields.
sition at the critical point T3, Hs). As described in Sec. Il From Fig. 9a) we findH¢4=375 Oe afT=4.5 K, indi-
there is a first-order transition line between the AF phase angating thatHg~375 Oe. This value ofi¢ is in good agree-
the P phasgsee Fig. 1b)]. This line persists up to the critical ment with that Hg=380 Oe) reported by Nicholls and
point (T3, H3) from T = 0 K, and joins smoothly on to a Dresselhau$. Using Eq. (6) with H:=375 Oe andH,

224432-6



MAGNETIC PHASE DIAGRAM OF THE STAGE-1 CoGl. ..

PHYSICAL REVIEW B 65 224432

1000 20

800 | [
i 15 |

H(Oe)

10 |

H(Oe)

(T, Hy)

©

FIG. 9. (@) H-T diagram related to the meta-
magnetic transition at the critical poinT{,H3)
] and the spin-flop transition at the critical point
] (T,,H,). The data denoted by open diamonds
] are taken from Nicholls and Dresselhd&ef. 3.
. 1 The solid lines are guides to the ey®) H-T

diagram neaiT below 400 Oe. Lines$i., Hs,
and H¢; are the phase boundaries. On likg,
(X), d(p/pg)/dT shows an anomaly. The solid

400

300 F;

H(Oe)

200 |

H(Oe)

100 |

lines at lowH are the least-squares fits of the data
to Eq.(7). Ty=9.9 KandT{=9.25 K. (c) H-T
diagram neafT., below 20 Oe. LinesH.,; and
H., are the phase boundaries. The coordinate
(T4, Hy) is a critical point(d) H-T diagram near
Ty below 32 Oe. The lineBl;, H., andH.; are

the phase boundaries. The coordinate,H,) is

] a critical point.

=80 Oe, we obtaid’ =2.7x10 2 K andH'=8.5 Oe. The
ratio J'/J is calculated as 3810 2, which is much larger
than that ('/J=1.8x 10 %) for a stage-2 CoGIGIC, where
J=7.75 K and)’ =1.40x 10 3 K. In Figs. 9a) and 9b) we
make a plot of the peak temperaturedgfp/py)/dT vs T for
eachH, showing a line denoted bi ,. This line is located
near lineH.; below H; and near lineH s aboveH;. As
shown in Fig. Ta), the resistivityp for H<Hj3; shows no
hysteresis on crossing line,. The value ofp measured
with increasingT is the same as that with decreasifgin
contrast, the resistivity for 350<H=<700 Oe shows a hys-
teresis on crossing linel,. The value ofp measured with
increasingT is larger than that with decreasiig This result
suggests that the transition in lig, is of first order at least
for 350<H=<700 Oe.

In Fig. 9b) we show theT dependence of linesl, and
H.;. The dispersiony’ shows a maximum on crossing line
H. and dMg/dT has a local maximum on crossing line
H¢7. TheT dependence of lingd, andH; is described bs?

H2=a(T.—T), (7)

with = (7.87+0.02)x 10* (O€/K) and T,=9.71+0.05 K
(=~Ty) for line H, (8.9<T<9.7 K) anda=(1.13+0.03)
X 10° (O€/K) and T,=9.25-0.03 K (=T} for line H,;
(8.4<T=9.3 K). For conveniencdy, is defined as a tem-
perature where linél .; intersects with th@ axis. Note that
line H,; may correspond to a line observed in FeBihich

9.9

We also note that the spin-flop transition at the critical point
(T3,H3) in a stage-1 CoGIGIC is similar to that in FeGl
(Ty=23.6 K) at the tricritical point [;=21.15 K, H;
=10.2 kOe)®® where H is applied along the axis. The
ratio T3/Ty (=0.869 for a stage-1 CoGlGIC is nearly
equal to the ratidl,/Ty (=0.896 for FeCh. The only dif-
ference is the spin symmetrXY-like for a stage-1 CoGl
GIC, and lIsing-like for FeGl In a layer of F&' ions in
FeCl, all spins lie parallel to each other and normal to the
layer.

C. Other field-induced transitions

As shown in Figs. &) and 9d), we find two spin-flop
transitions at critical points T;~7.6 K, H;~7 Oe) and
(T,=9.3K, Hy;=7 Oe). The origin of the transition at
(T4,H,) is not clear at present. Here we discuss only the
nature of the spin-flop transition at the critical poiri,(
H,). The linesH.; andH., meet at the critical point. Since
H¢, is much lower than Bz andH, is lower thanH}', the
fields HE andH}' do not contribute to this transition. One
possibility is that this transition may be associated with that
of a stage-2 CoGIGIC which is contained as a minor phase.
In fact, as shown in Figs. () and 8, the derivative
dMzrc/dH shows a small sharp peak at low for T
<7 K: typically H=15 Oe atT=4.5 K. It is believed that
such a transition at low is due to the stage-2 contributidn.
We assume that the spin-flop transition may be caused by the

results from a decomposition of the tricritical point into a Competition between an antiferromagnetic interplanar inter-

critical end point and a bicritical end poitt:1* The corre-
sponding line in FeBris of first order, while lineH; in a

action fieldH{. and an in-plane anisotropic fieldH{")’ for a
stage-2 CoGl GIC. Then the critical fieldH; and fieldH,

stage-1 CoGl GIC may be of second order. At present, theare described byH,={[2Hf—(H¥)'J(H)’}*? and H,

nature of the phase between linds andH.; is not clear.

=2HL—(HY)'. If H;=7 Oe andH,~20 Oe, we obtain

224432-7
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£=11.2 Oe andi})' =2.45 Oe. The characteristic field ~ Nevertheless, the spin order in a stage-1 GoGIC is
(H'")' for the stage-2 system is relatively lower thjf for ~ rather different from that in a stage-2 CGBIC. In a
the stage-1 system. We note that the rat{gHg is equal to stzge—_z CO%II.G:]CG Lhel %tlferrr](_)lmagnetm loqggag?gl gpln
A . o order is established beloW, while in a stage-1 Co
,0'03' wher L E IS relatecj EO ar,1 :f}nuferromagneuc mterplgnarthe 3D antiferromagnetic spin order is already established
interactionJ” throughHg=22"J Sﬁgaﬂl?)' Then the ratio o1,y T . What is the nature of the low-temperature phase
J"1J can be calculated as 1.830 %, which is on the same

below T, in stage-1 CoGl GIC? SinceH'" plays an impor-
order as that for the stage-2 Co@IC. As shown in Fig. 8, c! g G A Py P

i .Y - tant role for the spin-flop transition aff§,H,), it is ex-
we fln(_j anomalies iry andd_MFC/dT aroun,dT—8.4 K and pected that the spin structuretdt=0 below T, arises from
H=~0 in the (T, H) plane:(i) the peak ofy’ vs T for 8.25

- - the competition betweehli. and H". This problem is re-
<T=<8.5 K and 5<H=20 Oe, andii) the local minimum . E A A
of dMgc/dT vs T for 8.2<T<8.65 K and 5<H=100 Oe. duced to the 1D antiferromagnetiY chain with in-plane

P ; in ’
Such anomalies are also due to the contribution from &>0ld anisotropy. Wherk,' is much smaller thait, an

stage-2 CoGl GIC. In fact, the dispersion’ of a stage-2 usual AF state is energetically favorable. However, wHQh

CoCl, GIC atf=1 Hz has a peak at 8.40 K in the absence ofis not negligibly small compared td ¢, the ordered phase is
H.21 different from the usual AF phase. In fact, the spin structure

as a function of the ratiéif/H[ can be determined from the

D. Nature of the low-temperature phase belowT, minimum condition of the Landau free energy derived by

. : . Szeto and Dresselhatis.
It is interesting to compare the critical temperatures of a

stage-1 CoGl GIC with those of a stage-2 CoCGIC. It is VII. CONCLUSION

known that a stage-2 CoCGIC magnetically behaves like a . .

quasi-2DXY ferromagnet with an extremely weak antiferro- We have determined thd-T d'agfa'.“ ofa stage—_l Qog:l
magnetic interplanar exchange interaction. This compoung"lc' Because Qf extre_mely weak ant|ferromagn_et|c '”tefp'a‘
undergoes two magnetic phase transitionsT gt and T, nar exghange interactions the en_tHeT phase diagram is
These two critical temperatures are identified as peak tenffcCessible below 2 kOe. The-T diagram includes a meta-
peratures ofy’ with f=1 Hz at H=0: T.,=8.9 K and m_agnetlc tranS|t|or_1_and several spm_—flop tran5|t|(_)n§, which
T.,=6.9 K2'We find a noticeable increaseTh, andT,, as arise from competitions between _antlferr_omagneth interpla-
the stage number decreases from stage 2 to stage 1. THE" m;eracnons and m—plape amsc_)troplc mteractlons.. The
magnitude of antiferromagnetic interplanar interactions drasH '_T diagram at very lowH is compllcate(_j by_ the possible
tically increases as a result of the reduction of thaxis  xistence of a stage-2 CoCEGIC as a minority phase. In
repeat distance from 12.73 to 9.38 A, leading to the chang@rder to obtain a deeper understanding of the diagram

of dimension of the system from 2D-like to 3D-like. We note ©f @ Stage-1 CoGIGIC, a determination of spin structures is
that the ratioT,, /T, (=1.286 for a stage-1 CoGIGIC is required using neutron-scattering experiments in the pres-
almost the same as that1.290 for a stage-2 CoGIGIC, ~ €nce ofH along thec plane.

where T., (=Ty=9.9K) and T, =7.7 K for a stage-1
CoCl, GIC. The ratio ofT., of a stage-1 GIC tdl., of a
stage-2 GIC(=1.112 is almost the same as the ratio Tf We would like to thank H. Suematsu for providing us with
of a stage-1 GIC tdr, of a stage-2 GIQ=1.116. These a single crystal of kish graphites. This work was partly sup-
results may suggest that the mechanism of spin ordering qiorted by the Research Foundation at SUNY-Binghamton
H=0 is similar between stage-1 and stage-2 GdEIC’s. (240-9522A.
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